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Abstract
Earth's climate experienced a set of hyperthermal events during the greenhouse climate
state of the early Paleogene. The Paleocene-Eocene Thermal Maximum (PETM) was the largest
of these abrupt global warming events, occurring at ~56 Ma and lasting for ~200,000 years. The
PETM is identifiable by a large negative carbon isotope excursion and associated with significant
changes in global temperature, hydrology, ocean chemistry, and biology. Subsequent smaller
hyperthermal events appear to have commensurately smaller effects on marine environments, but
the scaling of the complementary nonmarine environmental responses is unclear.
The Bighorn Basin of northwest Wyoming contains the most detailed nonmarine record of
the PETM, and recent work has identified a significant perturbation of fluvial deposition associated
with it. The PETM generated a thick and laterally extensive sandbody likely due to enhanced
channel mobility potentially mediated by higher sediment flux related to an increase in rainfall
variability. This study compares and contrasts fluvial deposition spanning a younger hyperthermal
event at ~53 Ma, the ETM2 event, which was approximately 50,000 years in duration and displays
a carbon isotope excursion with half the magnitude of the PETM. Herein I present sandbody
geometries, lithofacies patterns, flow depths, and paleocurrent patterns spanning the ETM2 for
comparison to PETM-induced fluvial changes. I find channel-fills are dominated by fining upward
sequences of trough crossbedding and ripple cross lamination and abundant bar clinoform
deposition. Sandbodies are typically single-storied and 3 meters in thickness. Notably, there are
no significant changes in fluvial deposition across the ETM2. Several hypotheses may explain this
observation: (1) there were no major hydrologic changes associated with the ETM2; (2) there were
no major changes in vegetation associated with the ETM2; and/or (3) environmental perturbations
were insufficient to overcome the internal autogenic thresholds of the river systems. These three
hypotheses are not mutually exclusive, and each is evaluated in the context of existing datasets.
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1.0 - Introduction
The stratigraphic record allows researchers to unpack Earth’s history of past depositional
environments, tectonics, sea level fluctuations, and climate. Information regarding how fluvial
systems operate and respond to their boundary conditions is stored within the alluvial stratigraphic
record as basins subside (Sheets et. al., 2002; Hajek et al., 2010; Paola, 2016). Fluvial stratigraphy
is composed of key features and signatures that are produced on varying spatial and time scales,
preserved within lithofacies associations and sandbody geometries (Hajek et al., 2010; Hajek &
Straub, 2017). Alluvial stratigraphic data contain signatures of short-, middle-, and long-term
processes help inform researchers on the internal and external dynamics of geomorphic processes
that are at times difficult to observe in modern geomorphic systems. These signatures aid in
reconstructing past Earth surface conditions.
Fluvial systems are influenced by a wide array of factors, both external and internal to the
system itself. External forcings (i.e., allogenic controls) include tectonics, sea level, and climate.
These external forcings tend to operate on larger spatial scales and longer time scales; and the
geomorphic responses produced typically do not trigger positive feedback loops. For example, a
eustatic sea-level rise will cause back-stepping and retrogradational systems tract in fluviodeltaic
strata, but the sediment flux to a particular deltaic system does not alter global eustasy. The
majority of past studies have exploited this and focused on how allogenic forces may manifest in
and influence the stratigraphic record using numerical models, physical experiments, and field
case studies (Shanley & McCabe, 1993; Rogers, 1998; Paola, 2016).

Experimental basin studies using reduced scale physical models likely offer the clearest
examples of how allogenic forcings influence basin landscape dynamics and ultimately, the
stratigraphic record (Sheets et. al., 2002; Paola, 2016). In these experiments all aspects of boundary
conditions are set and subsequently modulated by the researcher (e.g., eustasy, sediment flux,
subsidence), and the stratigraphy allowed to freely evolve under its own internal physics (Heller
et al., 2001).
In contrast, internal processes (i.e., autogenic controls) originate from dynamics and
interactions between components within the system. These internal forcings contain feedback
loops that dictate depositional patterns, and commonly reflect emergent properties of interactions
between water discharge and sediment supply characteristics. Autogenic processes tend to operate
on smaller spatial and time scales (hours to thousands of years) as compared to allogenic processes.
For example, the height and wavelength of dunes within a river are dictated by water flow velocity,
depth, and turbulent structure, but the growth of dunes itself modifies and limits those same flow
characteristics (Hajek & Straub, 2017). The result in stratigraphy are scaling relationships between
river flow depths and dune cross-stratification heights (Paola & Borgman, 1991). More broadly,
autogenic processes include river avulsion, channel meander bend cutoff, braid bar formation,
bayhead delta growth, as well as smaller scale process such as bedform dynamics (Hajek & Straub,
2017; Guerit et al., 2021). Again, experimental flume studies and aspects of the fluvial
stratigraphic record allow us to view the details of the autogenic processes, on scales ranging from
centimeters to kilometers, and how they influence the fluvial system as a whole (Paola & Borgman,
1991; Hajek et. al., 2010). They tend to show that the sediment transport systems evolve to a
dynamic equilibrium and small changes in boundary conditions are subsumed into what has been
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called the “morphodynamic turbulence” generated by autogenic processes due to feedbacks
(Jerolmack & Paola, 2010; Li et al., 2016).
Between the two end members of short and long-time scale processes, the “meso-scale”
processes have been particularly difficult to constrain. This issue is exemplified within the
sequence stratigraphic literature, which has a long history of disagreement regarding what scale of
delta parasequences and sequences are driven by eustasy, local sea-level, or autogenic processes
such as lobe-switching (Miall, 1992). Meso-scale processes can occur on timescales of tens to
hundreds of thousands of years and vary significantly on spatial scales. This makes the
transmission and recognition of meso-scale allogenic forcings into the stratigraphic record
problematic to untangle for various reasons. Experimental studies have shown that changes in
boundary conditions on timescales similar to the meso-scale autogenic processes are overwritten
by the "noise" of the autogenic process (Li et al., 2016) This phenomenon, known as signal
shredding, is the idea that if the timescale or spatial scale of the external forcing is less than the
scales of the transport system’s autogenic processes, then the input signal is at risk of being lost
within commensurately large autogenic variability (Jerolmack & Paola, 2010). For example, Li et
al. (2016) show experimentally that there are no recognizable stratigraphic imprints of eustatic sea
level cycles when the amplitude of sea level change is smaller than the maximum river flow depth.
While there are numerical modeling and physical experiment research examining this
phenomenon, field studies have not been explicitly performed to test the idea of “signal shredding”
in the fluvial stratigraphic record spanning a known allogenic forcing. For example, many field
studies show that large scale allogenic forcings, such as global climatic perturbations, manifest in
the fluvial stratigraphic record (Schmitz & Pujalte, 2007; Foreman et al., 2012; Foreman, 2014;
Chen et al., 2018). However, studies that investigate the influence “meso-scale” climatic events

3

have on fluvial response are largely absent. This is because identifying a climate change event
independent from the stratigraphy is very difficult, and other techniques are needed such as
geochemistry.
In this study, I evaluate the fluvial response to a “meso-scale” climatic perturbation known
as the Eocene Thermal Maximum 2 (ETM2). The ETM2 is a smaller subsequent hyperthermal to
the well documented Paleocene Eocene Thermal Maximum (PETM). The ETM2 lasted 50,000
years, which is substantially shorter than the 200,000 year duration of the PETM. Moreover, the
carbon cycle perturbation of the ETM2 is putatively half the magnitude of the PETM based on
stable carbon isotope records (Galeotti et al., 2010; Stap et al., 2010; Abels et al., 2016).
Fortuitously, the ETM2 can be independently identified from potential sedimentologic change
using stable isotope records. This study leverages this independent geochemical marker to examine
the fluvial response in the Bighorn Basin in northwest Wyoming to the ETM2 and compare any
response to the larger PETM hyperthermal event that is well-documented in the area (Foreman,
2014; Kraus et al., 2015). In this basin it is known that the PETM induced alluvial change, and
thus can serve as an upper bound to geomorphic response compared to the ETM2.

2.0 – Background

2.1 Tectonic Setting

The Bighorn Basin is located within the Western Interior of the United States in
northwestern Wyoming (Figure 1). The basin is a product of the Laramide Orogeny, which
occurred in the Late Cretaceous and continued into the middle and late Eocene (Dickinson et al.,
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1988; DeCelles, 2004; Dickinson, 2004). The Laramide Orogeny initiated due to shallow angle
subduction of the Farallon plate off the active western margin of the continent and propagated
deformation eastward for more than 500 km inland (DeCelles, 2004; Dickinson, 2004). The
orogeny uplifted the modern-day Rocky Mountains and produced a “broken” foreland basin. The
orogeny generated several intermontane, flexural basins through basement-involved uplift and
loading of the lithosphere (Dickinson, 2004). The Bighorn Basin is surrounded by these Laramidestyle uplifts with the Bighorn Mountains in the east, the Owl Creek Mountains in the south and the
Beartooth Mountains in the northwest (Figure 1). The extensive eruption of the Absaroka
Volcanics sets the southwest boundary for the basin, ca. 48-51 Ma (Bown, 1980; Lillegraven,
2009). The modern-day western edge of the basin is marked by the Cody Arch, but provenance
and paleodrainage reconstructions indicate a larger catchment that extended into much of western
Wyoming and potentially Idaho during the Paleocene and early Eocene (Lillegraven, 2009; Welch
et al., in press).
Thermochronological dating provides evidence for rapid exhumation of the Bighorn
Mountains in the east and the Beartooth Mountains in the northwest approximately 71 Ma and 58
Ma, respectively (Peyton et al., 2012). The Owl Creek Mountains had appreciable topographic
relief by the early Paleocene, approximately 65 Ma (Seeland, 1998; Welch, in press). Recent
studies show relatively fast unroofing of Phanerozoic sediment into the basin from the Beartooth
Mountains as compared to the slow rates of erosion for Mesozoic strata from the Bighorn and Owl
Creek Mountains during the Paleocene and into the early Eocene (DeCelles et al., 1991; Peyton et
al., 2012; Welch et al., in press). Subsidence rates within the basin are greater in the north than in
the south as a result of the time transgressive initiation of basin formation from northwest to
southeast (Clyde et al., 2007). Consequentially, the basin displays thicker stratigraphy in the west
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than in the east. The asymmetry indicates the uplift of the Beartooth mountains in the northwest
played a significant role in basin formation (Clyde et al., 2007).

2.2 Stratigraphy of the Basin

The early Paleogene stratigraphy in the basin is composed of the Fort Union and Willwood
formations. The Fort Union Formation is largely Paleocene in age and can exceed 1000 meters in
thickness (Hickey, 1980; Secord et al., 2006). The formation consists of alluvial elements such as
drab overbank deposits, organic rich shales, and fine to medium grained tabular sandstones, which
are indicative of a poorly drained floodplain environment (Hickey, 1980; Kraus et al., 2013). The
contact between the Fort Union Formation and the overlying Willwood Formation is largely
conformable, though time transgressive, across much of the basin (Bown, 1980; Foreman, 2014;
Kraus et al., 2015). The Willwood Formation is predominantly Eocene in age, alluvial in origin,
and composed of three distinct depositional components; multistoried sheet sandstones, well
developed “stacked” paleosols, and thin ribbon sandstones interbedded with weakly developed
paleosols (Figure 2, 3, 4, 5; Kraus & Aslan, 1993; Kraus & Middleton, 1987; Kraus, 2002). The
multistoried sheet sandstones are typically 5 to 7 meters in thickness, 5 kilometers in width, and
are interpreted to be deposited by meandering rivers (Figure 4, 5; Kraus & Middleton, 1987; Kraus,
2002). Thicknesses of sheet sandbodies can vary across the basin and are thought largely to be due
to source provenance of the deposits and existence of transverse and axial river systems (Kraus &
Middleton, 1987; Owen et al., 2017, 2019; Welch et al., in press). The second depositional
component, well-developed stacked paleosols, exhibit red, purple, and yellow coloring as well as
varying degrees of pedogenic modification (Figure 3; Kraus, 1996, 2002). The “stacked” nature of
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the paleosols is due to cyclic flooding and slow sediment accumulation on adjacent floodplains
(Kraus & Middleton, 1987; Kraus, 1996, 2002). These laterally extensive lithological cycles range
from 4 to 10 meters in thickness (Abels et al., 2013). The third, abundant component of the
Willwood Formation is ribbon-like sandstones interbedded with fine grained, weakly developed
paleosols. Ribbon sandstones display thicknesses less than 5 meters and are coupled with silty,
weakly developed paleosols which are indicative of repetitive crevasses splays followed by
pedogensis during intervals of inactivity, in many cases these are precursor deposits of river
avulsion events (Kraus & Aslan, 1993; Kraus, 1996). The fluvial stratigraphy throughout the basin
displays transverse networks draining adjacent highlands of meandering river systems, feeding an
axial river system draining north (Welch et al., in press; Owen et al., 2017; 2019; Kraus &
Middleton, 1987)
Previous mapping in the Bighorn Basin reveals the transverse networks to be highly
heterogeneous with channel geometries varying across the basin and including distributive systems
such as fluvial and alluvial fans (Owens et al., 2017, 2019). These systems coalesced into the major
trunk river system that flowed northward down the axis of the basin into southern Montana
(Neasham & Vondra, 1972; Seeland, 1998; Welch et al., in press). Fining upward sequences and
paleocurrent analyses suggest the trunk river system to also be meandering in morphology (Kraus,
1980).
Both paleocurrents and provenance analyses from the Bighorn Basin shed light on the
paleogeography. Paleocurrents within the basin indicate general northward drainage patterns with
sediment supply from the surrounding mountains (Neasham & Vondra, 1972; Seeland, 1998;
Owen et al., 2017, 2019; Welch, in press). The main drainage network for the southern basin stems
predominantly from the Bighorn and Owl Creek Mountains (Neasham & Vondra, 1972; Welch et
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al., in press). Paleocurrent data provides confirmation that these mountains ranges were
topographic highs and acted as major sediment sources for the basin starting in the Paleocene
(Welch et al., in press). The provenance of river deposits are predominately Upper Cretaceous
shales and deltaic sediments as well as lower Mesozoic siliciclastic units (Welch et al., in press).
While the provenance is fairly similar for both the Fort Union and Willwood formations temporally,
provenance signatures across the basin vary spatially as a result of the tectonic and stratigraphic
evolution of the surrounding mountain ranges (Welch et al., in press). Unroofed Paleozoic
sedimentary rocks as well as crystalline basement rocks from the Beartooth Mountains comprise
the sediment load for the northern basement while Mesozoic strata from the Bighorn and Owl
Creek Mountains makes up the sediment transported into the eastern and southern basin, where
this study takes place (DeCelles et al., 1991; Welch et al., in press).
The chronostratigraphic framework of the Bighorn Basin is well constrained by
paleomagnetic, biostratigraphic, and chemostratigraphic records as well as radiometric dates of
ashes (Gingerich, 2001; Secord et al., 2006; Westerhold et al., 2018). This combination of records
creates a tightly resolved framework to identify fine-scale hyperthermal events (less than 200kyr)
in the given time interval. Paleomagnetic and fossil records reveal magnetic polarity reversals in
conjunction with faunal turnover at multiple locations across the field area and greater Bighorn
Basin which constrain the location of the ETM2 (Clyde et al., 2007). Multiple local and general
faunal extinctions can be observed throughout the basin and may coincide with the hyperthermal
event in question (Schankler, 1980; Clyde et al., 2007). Furthermore, negative carbon isotope
excursions recorded from carbonate nodules in paleosols within the Willwood Formation in the
Fifteenmile Creek field area support the existence of the ETM2 in the north Bighorn Basin (Abels
et al., 2016).
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2.3 Paleoclimatic History

Earth underwent multiple global climatic perturbations, also known as hyperthermals in
the early Paleogene. These hyperthermals consisted of massive influxes of isotopically light carbon
into the ocean and atmosphere causing a global negative carbon isotope excursion (CIE; Kennett
& Stott, 1991; Zachos et al., 2001). Rapid shifts in the carbon cycle are well represented within
the marine stable isotopic record (Zachos et al., 2001; McInerney & Wing, 2011). Signatures of
the hyperthermal events are best preserved within marine rocks that record ocean chemistry,
specifically δ13C excursions. Effects of global warming in the marine realm include deep and
surface water warming, shoaling of carbonate compensation depth (CCD), as well as local and
regional extinctions and blooming of taxa. (Kennett & Stott, 1991; Zachos et al., 2001; Stap et al.,
2010; McInerney & Wing, 2011; Abels et al., 2015).
The most notable hyperthermal during the early Paleogene is the Paleocene-Eocene
Thermal Maximum (PETM). The PETM occurred approximately 56 Ma and was approximately
200 kyrs in duration making it the longest and largest hyperthermal of this time interval
(McInerney and Wing, 2011). The event is marked by a global temperature increase of 5–8°C as
well as a large CIE on average of -5‰ (Zachos et al., 2001; McInerney & Wing, 2011). Rapid
warming and acidification of the oceans created shifts in the biologic systems such as loss of
biodiversity within the water column as seen in the extinction of some benthic foraminfera taxa
and blooming of eutrophic dinoflagellate populations in coastal marine environments (Crouch et
al., 2001). Additionally, there is evidence for an enhanced hydrologic and weathering cycle, and
accelerated continental erosion during the PETM (Zachos et al., 2005; Nicolo et al., 2007). The
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transient wet and warm climate increased the transport of terrestrial matter to the marginal marine
environment, further supporting the hypothesis of increased seasonality during the hyperthermal
event (Schmitz & Pujalte, 2007; McInerney & Wing, 2011; Carmichael et al., 2017)
Subsequent hyperthermal events of lesser magnitude are documented in the global climate
record. Both the ETM2 (also referred to as H1 in the literature) and H2 display similar patterns to
the PETM. These include global warming, large carbon isotope excursions, and changes to ocean
chemistry and biodiversity (Galeotti et al., 2010; Stap et al., 2010; Abels et al., 2012, 2016). The
ETM2 occurred 2 million years after the PETM and lasted for approximately 50,000 years
(Thomas & Zachos, 2000; Lourens et al., 2005; Abels et al., 2016; D'Onofrio et al., 2016). The
record of this hyperthermal event with the highest resolution is found within the deep-sea
sediments. Benthic foraminifera data exhibit a global temperature increase of 3°C and a CIE of 1.4‰ (Galeotti et al., 2010; Stap et al., 2010). The most detailed terrestrial record of the ETM2/H2
events are hosted within the Willwood Formation in the Bighorn Basin, Wyoming. Pedogenic
carbonate nodules collected from paleosols in McCullough Peaks corroborate the existence of the
ETM2 in the rock record and document isotopic values for the ETM2 of approximately -4‰ in the
basin compared to an excursion of ~-6‰ for the PETM in the basin (Abels et al., 2016; Figure 1).
The H2, which occurred 100 kyr after the ETM2, exhibits a similar trend to both the PETM
and ETM2, but on an even smaller scale (Stap et al., 2010). The H2 hyperthermal event is
associated with a CIE of approximately -0.5‰ extracted from benthic foraminfera in deep sea
sediments and -3‰ from pedogenic carbonate nodules from within the Bighorn Basin (Bowen et
al., 2001; Abels et al., 2016). Marine proxies suggest temperature during the H2 increased by
approximately 2°C, but the hydrologic data for the event has yet to be documented in detail (Nicolo
et al., 2007; Abels et al., 2016). Vegetation and fluvial responses to the younger hyperthermals,
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such as the ETM2 and H2, remain unconstrained though are actively being pursued by Eve Lalor
(Western Washington University) and Scott Wing (Smithsonian Institution) along with
collaborators.

3.0 – Methods

The field study areas in the southern basin are based outside of Worland, Wyoming in
Washakie County near and along Fifteenmile Creek as well as the Sand Creek Divide field site,
east of Worland along Highway 16 (Figure 1). This area is part of the transverse river system that
drained the Bighorn and Owl Creek Mountains (Welch et al., in press). The field study area in the
northern basin is east of Cody, Wyoming in the McCullough Peaks area. This area is part of the
axial river system that drained northward with headwaters in both the surrounding Laramide ranges
and extrabasinal areas in the Sevier thrust belt region in western Wyoming and Idaho (Welch et
al., in press).
In total thirty-three stratigraphic sections through channelized sandbodies were measured
using a Jacobs staff, Brunton compass, and TruPulse™360B laser range finder. The laser ranger
finder has an error of ± 0.1 meter. Five iterations of range finder measurements were taken and
averaged to produce measurements. Thicknesses of fluvial sandbodies were determined from
stratigraphic sections and, when possible, widths estimated by physically tracing out their lateral
extents and correcting for both outcrop orientation and paleoflow direction (Figure 2). In the
majority of cases the stratigraphic position of the sandbodies can be constrained within the
Willwood Formation using biostratigraphic and chemostratigraphic constraints (Bown, 1980;
Abels et al. 2016).
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The stacking-pattern of sandbodies were analyzed as well as avulsion style using the
criteria of Jones & Hajek (2007). Lithofacies descriptions include bed thickness, grain size, sorting,
rounding, composition, sedimentary structures, paleocurrent directions, and bed contacts. Features
such as rip up clasts, coarse-grained lenses, pedogenic carbonate nodules, and intervals of soft
sediment deformation were noted and measured. The relative abundance of bedform-related
sedimentary structures was compiled, as they can be indicative of river hydrograph conditions
(Figure 6; Fielding, 2006). Data were pooled into fluvial sandbodies before, during and after the
ETM2/H2 events. Paleocurrents were derived from the major axis of the small and large-scale
trough cross bedding (Potter & Pettijohn, 1977), and synthesized with a recent comprehensive
paleodrainage and provenance analysis by Welch et al. (in press). Both small and large-scale planar
and trough cross bedding thickness were measured from crest to trough relief when present to
estimate river paleoflow depths (Figure 6; Allen, 1982). Flow depths were determined from bar
clinoform vertical relief (toe to crest) and fining upward sequences (Mohrig et al., 2000).

4.0 – Results

4.1. Southern Bighorn Basin

A total of 33 stratigraphic sections were measured through 22 sandbodies throughout both
Fifteenmile Creek and Sand Creek Divide field areas. All data is available within the appendix and
representative subset of the data is presented here. Measurements are grouped across the field sites
according to their positioning in the stratigraphy with respect to the ETM2 (Figure 7). I am
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presenting data from before, during, and after the ETM2 beginning at the stratigraphic bottom and
working up, spatially and temporally.
As a whole, fluvial sandbodies throughout the Fifteenmile Creek and Sand Creek Divide
study areas (Figure 1) have a mean thickness of 3.2 meters with a standard deviation of 1.8 meters,
minimum and maximum measurements of 0.87 meters and 10.5 meters, and a median value of
3.11 meters. Accurate sandbody width measurements are not possible in the Fifteenmile Creek
study area due to limited, low badlands type exposures. Sandbodies are typically composed of
medium sand (0.25 to 0.50 mm in diameter) and display predominately subhorizontal laminations
as well as trough cross beds and planar cross beds, in order of decreasing abundance. Fluvial
sandbodies are bound by sharp upper and lower contacts. A typical fluvial sandbody before the
ETM2 has a sharp base with subhorizontal laminations beds that grades upwards into planar cross
bedding and trough cross bedding with soft sediment deformation at the top (Figure 8). This
stratigraphic pattern is consistent as lithofacies abundances do not change spanning the ETM2.
Sandbodies from before the ETM2 (n = 11) have a mean thickness of 4.4 meters with a
standard deviation of 2.3 meters, minimum and maximum measurements of 1.5 and 10.5 meters,
and a median of 3.7 m. Pre-ETM2 sandbodies are composed of well sorted medium sand, 0.25 to
0.50 mm. Sandbodies display predominately subhorizontal laminations as well as trough cross
beds and planar cross beds, in order of decreasing abundance, and are bound by sharp upper and
lower contacts.
Sandbodies from within the duration of the ETM2 (n = 5) have a mean thickness of 3.0
meters with a standard deviation of 1.4 meters, minimum and maximum measurements of 1.6 and
4.9 meters, respectively, and a median thickness of 3.3 meters. Sandbodies from within this
stratigraphic interval are composed of well sorted medium sand, 0.25 to 0.50 mm. Sandbodies
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display predominantly subhorizontal laminations as well as pedogenic carbonate nodules clast
conglomerate, planar cross bedding, and trough cross bedding, in order of decreasing abundance.
Fluvial sandbodies during the ETM2 are bound by sharp upper and lower contacts.
Post-ETM2 sandbodies (n = 6) have a mean thickness of 3.2 meters with a standard
deviation of 0.9, minimum and maximum measurements of 1.9 and 3.9 meters, respectively, and
a median thickness of 3.5 meters. Sandbodies from after the ETM2 are composed of well sorted
medium sand, 0.25 to 0.50 mm. Post ETM2 sandbodies exhibit predominantly subhorizontal
laminations structures as well as pedogenic carbonate clast conglomerate, planar cross bedding,
and trough cross bedding, in order of decreasing abundance. The sandbodies are bound by sharp
upper and lower contacts.
Sandbodies from before, during and after the ETM2 exhibit mean thicknesses of 4.3, 3.0,
and 3.4 m and median values 3.7, 3.3, and 3.7. These sampled populations are not distinguishable
using the Kruskal-Wallis non-parametric test (degree of freedom = 2; α2 = 6.0; and P = 0.47).
Additionally, mean paleodepths of 3.1, 3.5, and 2.4 meters and median values 2.9, 3.3, and 2.4 m
are not distinguishable using this test (degree of freedom = 2; α2 = 6.0; P = 0.40).
Using the classification scheme outlined by Owens et al., (2017; 2019), sandbodies in both
southern field sites display isolated to offset sandbody geometries. Isolated sandbodies exhibit no
storey breaks within the internal architecture and consist of one main channel geometry. Offset
sandbody geometries consist of two or more isolated channel geometries laterally and vertically
juxtaposed onto each other with varying degree of contact (Owens et al, 2017; 2019). Overall,
subhorizontal laminations are the most abundant lithofacies in both study areas and are the
dominant channel fill lithofacies in both this study and Owen et al. (2017; 2019). These features
are interpreted to be bar clinoforms and show evidence of prolonged bar migration via their lateral

14

continuity (Figure 3). Other sedimentological features present include soft sediment deformation,
small- and large-scale trough and planar crossbedding, as well as pedogenic carbonate nodule
conglomeratic units. While some variation occurs throughout the stratigraphic sections,
sedimentological features record a general accretionary bar to channel margin environment.
Paleocurrents throughout Fifteenmile Creek and Sand Creek Divide display a general northward
paleoflow direction.
Based on measurements from before, during and after the ETM2, it appears that there is no
discernable change in fluvial deposition over the span of the hyperthermal event. There are no
major changes in sandbody thickness, paleodepths and relative lithofacies abundances in response
to the ETM2.

4.1. Northern Bighorn Basin

A total of 72 sandbodies were measured within the McCullough Peaks field (Figure 1) area
using both Jacobs Staff and Laser Range Finder. Measurements are grouped according to their
stratigraphic position with respect to the ETM2 hyperthermal event. Data are presented in
ascending stratigraphic order.
Overall, sandbodies from McCullough Peaks field site exhibit a mean thickness of 8.1
meters, standard deviation of 3.5 meters, a minimum and maximum of 2.3 and 21.8 meters, with
a median of 7.6 meters. Similar to the Fifteenmile Creek field site, the topography makes accurate
width measurements difficult to obtain. Sandbodies are composed predominately of medium sand
(0.25 to 0.50 mm in diameter) and display an abundance of subhorizontal laminations followed by
trough and planar crossbedding. A typical sandbody for the McCullough peaks area contains a
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sharp scour surface at the basal contact and fines upwards into subhorizontal laminations with
intermittent trough crossbedding (Figure 9). The sections are regularly topped with fine sands and
soft sediment deformation (Fig. 5).
Sandbodies from before the ETM2 display a mean thickness of 8.8 meters, standard
deviation of 3.7 meters, a minimum and maximum of 2.9 and 17.0 meters, and a median value of
8.5 meters. Subhorizontal laminations are the most abundant lithofacies followed by trough
crossbedding, soft sediment deformation, pedogenic carbonate clast conglomerate and planar
crossbedding. The sandbodies are bound by sharp lower and upper contacts.
Sandbodies from during the ETM2 exhibit a mean thickness of 7.7 meters with a standard
deviation of 2.2 meters, minimum and maximum values of 4.8 and 12 meters, and a median of 7.1
meters. There is an abundance of subhorizontal laminations followed by carbonate clast
conglomerate, planar and trough crossbedding, and soft sediment deformation. The sandbodies in
this stratigraphic interval are bound by sharp basal and upper contacts.
Sandbodies from after the ETM2 display a mean thickness of 8.0 meters with a standard
deviation of 3.6 meters, minimum and maximum values of 2.3 and 21.8 meters, and a median
value of 7.5 meters. Channel sandbodies display an abundance of subhorizontal laminations
followed by trough crossbedding, soft sediment deformation, carbonate clast conglomerate, and
planar crossbedding. These sandbodies are bound by sharp basal and upper contacts.
Sandbodies from before, during and after the ETM2 in the McCullough Peaks field area
display mean thicknesses of 8.8, 7.7, and 8.0 meters and median values of 8.5, 7.1, and 7.5 meters.
The sampled populations are not distinguishable using the Kruskal- Wallis non-parametric test
(degree of freedom = 2, α2 = 6.0, and P = 0.56). Additionally, mean paleodepths from outside and
during the ETM2 are 2.8 and 2.1 meters, respectively, with median values of 2.35 and 1.7 meters.
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The sampled populations are not distinguishable using the Kruskal- Wallis non-parametric (degree
of freedom = 2; α2 = 6.0; P = 0.16).

5.0 – Discussion

5.1 – Interpretation of Sandbodies

Observed lithofacies before, during, and after the ETM2 in the Bighorn Basin are consistent
with fluvial deposition derived from a meandering river system. Sandbody deposits from
meandering systems display forms that are generally tabular or lenticular in shape. Stratigraphic
models propose sharp, lower scour surfaces with conglomeratic thalwegs followed by varying
scales of cross stratification including planar and trough crossbedding as well as lateral accretion
surfaces. Allen (1965) notes lateral accretion surfaces, termed “epsilon cross stratification”, as a
reliable feature within the channel fill fining upward succession of a meandering morphology.
Uppermost stratigraphic portions of meandering deposits consist of predominately fine-grained
sediments as well as the occasional organic matter, which are overbank in origin (Nichols, 2009).
This contrasts with the deposits of braided rivers, which are dominantly bedload influenced.
Fluvial systems exhibiting braided morphologies consist of basal lags with sharp scour surfaces,
similar to that of meandering systems, but are followed by an abundance of cross bedding sets with
grain sizes ranging from coarse sand to cobbles. This is indicative of the growth and mobilization
of bars during bankfull discharge. In the uppermost stratigraphic portions of braided river deposits,
there are packages of alternating fine and coarse sediment. These are indicative of repetitive
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channel abandonment which is unique to braided fluvial systems. Braided systems also tend to
construct sheet-like fluvial sandbodies rather than isolated or offset lenticular geometries.
Sandbodies in both Fifteenmile Creek and Sand Creek Divide exhibit conglomeratic bases
consisting of pedogenic carbonate nodule clasts followed by an abundance of trough and planar
crossbedding as well as small scale inclined lamination sets. While gravel lags are common in both
braided and meandering morphologies, the abundance of lateral accretion sets refutes the
hypothesis that the fluvial systems in both southern field sites are braided in origin. The
observation that they are predominately single or two storied suggests that there is a single channel
present at any given time in that floodplain location. Furthermore, the distinct flood plain deposits
adjacent to channel deposits of clay-rich paleosols, alluvial ridges, and occasional levee units are
more consistent with meandering fluvial systems. These features are indicative of a meandering
system and refute the counterargument that the fluvial systems in Fifteenmile Creek and Sand
Creek Divide are braided in morphology.
Recently, Owen et al (2017; 2019) developed a comprehensive classification scheme for
fluvial channel body geometries in the Bighorn Basin. This scheme details five different
geometries. The types of architecture present in their study include massive, semi-amalgamated,
internally amalgamated, offset, and isolated. Massive geometry varies in thickness (5.0 to 45 m)
and are usually conglomeratic and coarse-grained sandstones and lack in most internal
architectural features such as storey break surfaces. Semi-amalgamated channel forms exhibit
varying thicknesses (1.0 to 45 m) and width (maximum measurement of 3.5 km), with architectural
similarities to sheet-like sandbodies. Internally, storey surfaces crosscut one another and
paleocurrents are generally found to be consistently in a single direction throughout. Internally
amalgamated sandbodies vary in thickness (4.0 to 28 m) and width (maximum measurement of
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3.0 km) but tend to laterally extensive and tabular in nature. These sandbodies can be multistoried
with cross cutting storey surfaces. Offset geometry channel deposits have a narrower range of
thicknesses (2.4 to 14 m) and width (maximum measurement of 1 km) than the other geometries.
This geometry consists of offset stacked channel deposits with partial vertical overlap. Each
deposit is typically one or two storeys. The isolated channel geometry is the smallest in thickness
(1.7 to 11 m) and width (maximum measurement of 1 km). Channel deposits of this geometry can
be both asymmetrical, with a relict cutbank displayed on side of the deposit, or symmetrical, with
channel margins preserved on both sides. Internally, they display no storey break surfaces.
Most of the channel deposits characterized in this study fall into the isolated geometry with
some grouped into the offset geometry category of Owen et al. (2017; 2019). Channel fill
lithofacies display an abundance of subhorizontal laminations as well as trough and planar
crossbedding, and individual channel sandbodies occur subjacent to one another in outcrop. The
lithofaies data presented herein is consistent with that of Owen et al. (2017; 2019). Based on the
combined observations of Owen et al. (2017; 2019) and this study I surmise that the sandbodies
were deposited by meandering river systems. Moreover, this is planform morphology appears
consistent throughout all field areas in the southern basin. Meandering river approximately 3-4
meters deep traversed the southern basin, largely occupying one distinct zone on the floodplain
prior to avulsion to a new location. Reworking and amalgamation during lateral meandering and
avulsion appears to have been minimal especially in comparison to McCullough Peaks.

5.2 – Paleogeographic Context
Previous studies have identified two major components of river systems, the transverse and
axial portions. My data comes from the transverse system in Worland field area while McCullough
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Peaks represents the axial portions. Sandbodies in the McCullough Peaks field site are larger and
more amalgamated than in they are at the Worland field site. As I evaluate potential controls or
lack thereof, I am dealing with two different components of the sediment transport rivers. This
includes smaller rivers eroding Mesozoic shales and larger rivers with a larger catchment that have
a more diverse provenance. Feasibly, these two portions of the river system may response
differently to the same environmental perturbation based on existing transport models and
experiments (Straub et al., 2020).
My observations show that the major paleocurrent trends towards drainage into the axial
river system fed by adjacent transverse fluvial systems, similar to the findings of Neasham &
Vondra (1972) and Welch et al. (in press). The system of smaller transverse river systems transport
sediment from the eastern and western boundaries of the basin and drain predominately from the
Bighorn, Owl Creek, and Beartooth Mountains (Owen et al., 2017; 2019; Welch et al., in press).
The asymmetrical basin fill, with the basin axis shifted to the west of the geographic axis of the
basin, led to massive, semi- and internally amalgamated sandbody geometries dominated in the
western and northern basins (Owen et al., 2017; 2019). On the eastern side of the basin the
transverse fluvial systems displays and offset of isolated geometries than feed channels nearing
the basin center (Owen et al., 2017). The transverse rivers coalesce into axial trunk rivers that exits
the basin into southeastern Montana (Owen et al., 2017; 2019; Welch et al., in press).
In addition to the different river systems studied herein within the basin, the fluvial data
collected is derived from distinct sedimentary provenances Detrital zircon data and sandstone
compositions constrain provenance differences across the basin. For the south and southeastern
river systems, data suggests Cretaceous and Jurassic siliciclastic strata as a provenance (Welch et
al., in press). This sediment source is consistent with quartz rich sandstones with primarily
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sedimentary rock lithic fragments, siltstones, and claystones of Mesozoic fluviodeltaic strata
(Welch et al., in press). Moreover, it is supported by the presence of reworked Cretaceous pollen,
recalcitrant carbon, and shark teeth in the Willwood Formation (Baczynski et al., 2013). In the
southwestern river the sandstones display a slight increase in the proportion of igneous fragments
which suggests an increase in contribution from an igneous source. Detrital zircon age peaks show
the dominate age to be ~95 Ma as well as quartzite conglomeratic clasts suggesting a source in or
near the Sevier thrust belt (Welch et al., in press). The northern Bighorn Basin shows a mixture of
sediment sources that include input from the crystalline basement as well as all other source areas
(Welch et al., in press).
Welch et al. (in press) hypothesized the difference in sandbody geometries between the
southern basin (i.e., small and isolated) and northern basin (e.g., large and amalgamated) was
driven by two factors. The first factor was catchment size with larger catchment the axial and
northern rivers generated larger rivers than their southern correlates. The second factor was
provenance lithology and the grain sizes provided from catchments. Fluviodeltaic Cretaceous
strata are dominated by finer-grained siliciclastics resulting in sediment fluxes distinctly finegrained to southern and eastern transverse rivers. In contrast, the axial and northern rivers also
have provenance that include carbonates, quartzites, and crystalline basement capable of
generating large grain size sediment. There is no evidence for any substantial change in provenance
spanning the stratigraphic interval of the ETM2. Thus, any climatic changes in the catchment
during the ETM2 would be impacting finer-grained, relatively easily weatherable lithologies in
smaller catchments in the southern Bighorn Basin. However, the northern response would be
occurring within a system eroding, at least partially, crystalline bedrock and occurring over a
longer transport system with a larger catchment.
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5.3 – Tectonics and Sea Level

Although the stratigraphic data from this study suggests minimal changes spanning the
ETM2, it should not be assumed a priori that tectonics and sea level did not affect the system
without constraints. Indeed experimental stratigraphy suggest short term changes in sea level and
tectonics can be shredded by sediment transport systems (i.e., Li et al., 2016); thus, base level
changes and tectonics should be independently constrained.
Both tectonics and sea level are known to affect fluvial deposition in significant ways. Sea
level fluctuations can produce large stacked sandbodies within the stratigraphic record, most
notably incised valleys. There is a long-standing history of sea level controls on fluvial systems in
coastal areas. Rivers situated within close proximity to falling sea levels are subject to significant
erosion including incision and terrace formation while rising sea levels can produce highly sinuous
channels as well as backfilling that is constrained to the incised valley (Shanley & McCabe, 1994;
Blum & Tornqvist, 2000). The result are anomalously thick fluvial sandbodies within coastal plain
strata with well-developed paleosols adjacent to these incised valleys. Putatively the magnitude of
sea level fall, as well as rate, dictates the size of the incised valley and sandbody, although recent
work has suggested this may not be the case. Regardless, the Bighorn Basin was over 1000 km
away from the nearest paleoshoreline during the Paleocene and Eocene (Dickinson et al, 1988).
This means the alluvial rivers, both axial and transverse, were well outside the zone of eustatic
influence spanning the ETM2, and a eustatic or local sea level control can be discounted.
Furthermore, there are no known large scale lake deposits in southern and central Montana that
could alternatively be invoked for a lacustrine base level control hypothesis.
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Tectonically driven changes to basin accommodation space can result in differences in the
fluvial deposits recorded in the stratigraphy. Leeder (1978), Allen (1978), and Bridge & Leeder
(1979) created the LAB model which describes how shifts in tectonics and subsidence influence
fluvial dynamics and their resulting stratigraphic patterns. The LAB model suggests that reduced
subsidence generates densely stacked channel deposits while an increase in subsidence creates
more dispersed deposits within the stratigraphy (Leeder, 1978; Allen, 1978; Bridge & Leeder
(1979)). These studies assume subsidence is the main control on fluvial stacking patterns with less
emphasis on sediment supply. Subsequent researchers have reviewed and built upon the existing
LAB model to include sedimentation rates and the influence on avulsion frequency and resulting
stacking patterns (Heller & Paola, 1996; Strong et al., 2005). The insight of these subsequent
studies essentially suggests there are multiple ways to vary sandbody geometries via sediment flux,
subsidence, and avulsion frequency that are not necessarily independent of one another. While the
Bighorn Basin as a whole experienced asymmetrical, differential subsidence rates, any given
geographic area in the basin (i.e., Fifteenmile Creek, Sand Creek Divide, McCullough Peaks)
experienced constant subsidence throughout the Eocene (Crowley et al., 2002; Secord et al., 2006;
Clyde et al., 2007). This subsidence data, along with thermochronologic constraints that the major
exhumation of all Laramide ranges surrounding the Bighorn Basin precede the ETM2 by several
millions of years (Clyde et al., 2007; Peyton et al., 2012), suggests that there were no major tectonic
events coinciding with the ETM2. Thus, neither changes in sea level nor tectonics can be invoked
for variation spanning the ETM2 time interval.

5.4 – Hyperthermals and Fluvial Systems
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The apparent lack of fluvial response to the ETM2 within the stratigraphy of the Bighorn
Basin could feasibly be attributed to several hypotheses. First, there may have been no major
hydrologic changes associated with the ETM2 unlike the larger PETM. Second, there may have
been a lack of response and overturn from the vegetation in the basin which occurred during the
PETM. Third, the ETM2 climatic perturbation was insufficient to overcome the internal autogenic
threshold of response in contrast to the larger PETM.
In order to address the hypothesis that the hydrologic change was insufficient to alter the
fluvial systems behavior, the fluvial response to the PETM due to a drastic hydrologic change will
be described for comparison. Fluvial response to the largest of the hyperthermals, the PETM, is
well documented in both Spain, the Piceance Basin, as well as the Bighorn Basin (Schmitz &
Pujalte, 2007; Chen et al., 2018; Foreman et al., 2012; Foreman, 2014). The Tremp-Graus Basin
in Spain documents a complete shift in river morphology within its stratigraphy, displaying a
change from meandering morphologies to a braided condition with several active channels
(Schmitz & Pujalte, 2007, Chen et al., 2018). This drastic change in morphology is partially due
to an estimated increase in river discharge, from 31 ± 4.3 m3/s during the Paleocene to 253 ± 102
m3/s during the PETM (Chen et al., 2018). Prior to the PETM, the majority of channel sandbodies
display isolated to offset geometry with an abundance of overbank paleosols (Owen et al., 2017;
Chen et al., 2018). The hyperthermal is marked by the sudden appearance of a laterally extensive
conglomeratic unit at the onset of the PETM. The Claret Conglomerate represents the early phase
of the PETM and is a sheet-like calcarenite and clast-supported conglomeratic unit (Schmitz &
Pujalte, 2007; Chen et al., 2018). This unit can be characterized by massive sandbody geometry,
according to the Owens et al., (2017) framework, which is indicative of gravel braided fluvial
systems. This represents the most extreme fluvial response to the PETM, hypothesized to be due
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to an increase in seasonality and extreme precipitation events that mobilized massive volumes of
sediment and caused an increase in marginal marine sedimentation rates.
The Piceance Basin records a similar response to the PETM, where the early Paleogene are
represented by the alluvial Wasatch Formation. The Wasatch Formation itself can be further
subdivided into the Paleocene Atwell Gulch Member, the earliest Eocene Molina Member, and the
early Eocene Shire Member (Donnell, 1969). These geologic members reflect a shift from
mudrock-dominated overbank and palustrine strata (Atwell Gulch Member) to sandstonedominated fluvial strata (Molina Member), to mudrock-dominated overbank strata (Shire
Member). Studies note a likely shift from meandering to braided morphologies for the basin axial
river and back again as a result of the PETM hyperthermal event (Lorenz & Nadon, 2002; Foreman
et al., 2012). The Molina Member coincides with the PETM in the stratigraphy and is composed
of sandbodies with abundant upper plane bed structures indicative of high energy, braided fluvial
strata, whereas the fluvial units within the Atwell Gulch and Shire members are dominated by
trough cross-bedded lithofacies (Lorenz & Nadon, 2002; Foreman, 2012). The Atwell Gulch
Member, underlying the Molina Member, displays isolated to offset geometry while the Molina
Member is mostly internally amalgamated sandbody geometries (Foreman et al., 2012; Owens et
al., 2017). The overlying Shire Member documents a shift back to likely meandering rivers and
contains both isolated, internally amalgamated sandbody geometries, however, these sandbodies
are significantly smaller than the Molina Member sandbodies. Furthermore, there is a shift in the
relative abundance of the lithofacies present within the fluvial sandbodies from before, during and
after the hyperthermal event (Foreman, 2012). Bar clinoforms, reflecting river flow depths, also
increase in the Molina Member compared to the underlying Atwell Gulch Member and overlying
Shire Member. It is suggested this shift is a result of flashy discharge and potentially larger channel
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discharges during the PETM as well as a local uplift event that momentarily changed the source
material for the area (Foreman, 2012).
While river morphology appears to remain meandering spanning the PETM within the
Bighorn Basin, the stratigraphy displays a drastic increase in sandbody thickness and lateral extent,
as represented in the Boundary Sandstone (Kraus, 1980; Foreman, 2014). The so-called Boundary
Sandstone is an anomalously thick and laterally extensive sandbody that marks the PETM in the
stratigraphy (Foreman, 2012). Unlike the Molina member in the Piceance Basin, the Boundary
Sandstone does not display any changes in the relative abundances of the lithofacies from before,
during and after the PETM (Foreman, 2012). The sandbodies in the northern Bighorn Basin before
and after the PETM appear to exhibit internally amalgamated architectures with a transition to
semi-amalgamated architectures as a result of the PETM (Foreman, 2014; Owen et al, 2017).
However, this observation is still preliminary and difficult to assess given the PETM fluvial
response essentially constitutes a sample size of one. The composition, internal architecture, and
size of the Boundary Sandstone suggests increased lateral mobility during the climatic event
(Foreman, 2014). Foreman (2014) and Kraus et al. (2015) suggest several hypotheses to explain
this change including: (1) an increase in the frequency of major discharge events, supported by
independent proxy evidence of seasonality and changes in floodplain drainage and mean annual
precipitation (Wing et al., 2005; Kraus & Riggins. 2008; Smith et al., 2008), (2) the shift to more
sparse vegetation across the floodplain causing weakened channel banks (Wing et al., 2005;
Foreman, 2014); and (3) coarsening of the overbank grain sizes that weakened channel banks
(Foreman, 2014; Kraus et al., 2015).
In all these cases changes in fluvial morphology can be at least partially related to
hyperthermal events can be traced back to abrupt hydrologic changes to the PETM as well as
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biologic changes such as vegetation and landcover. It is inferred that the fluvial response in the
Tremp-Graus Basin was brought about by a sudden shift in the hydrologic cycle, as an increase in
rainfall is documented during the PETM (Schmitz & Pujalte, 2007; Chen et al., 2018). Frequent
flood events as well as a decrease in regional vegetation enhanced the fluvial response in the
Tremp-Graus Basin. There is a similar pattern of increased rainfall during the PETM in the
Piceance Basin. Features such as deeper and wider channels and the preservation of upper flow
regime structures, suggest increased discharge and more frequent storm events related to an
intensified hydrologic cycle (Foreman et al., 2012). The shift in channel depth and width is
dissimilar to what occurred in Bighorn Basin during the PETM. The Boundary Sandstone exhibits
no change in channel geometry, lithofacies abundance, or paleodepths. This is related to the
Bighorn Basin experiencing a drying event during the PETM which included low mean annual
precipitation records with high rainfall variability (Foreman, 2014). It can be deduced that the
increased lateral mobility required to produce the anomalously large Boundary Sandstone was
enhanced by the transitioning vegetation during the PETM. The vegetation response to the PETM
consisted of turnover from a dense cover to sparse and mostly open in the Bighorn Basin (Wing et
al., 2005; Kraus & Riggins, 2007; McInerney & Wing, 2011; Kraus et al., 2013).
In the Bighorn Bain, while channel fills are similar between both PETM and ETM2, there
is no evidence of a large sandbody like the Boundary Sandstone within the stratigraphy that can
be linked to the smaller latter hyperthermal event (Figure 10). In a recent study by Lalor (2021),
soil geochemistry data extracted from paleosols in the southern Bighorn Basin reveal no detectable
changes in rainfall linked to the ETM2 hyperthermal event which suggests that no drastic shift in
stream discharge occurred aside from standard cyclic seasonality. Similarly, Lalor (2021) applied
a soil morphology index, identical to a methodology applied to the PETM interval, to ETM2
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paleosols and found no significant change in floodplain drainage. With regards to the second
hypothesis, the vegetation response to the ETM2 remains largely unconstrained within the Bighorn
Basin making the association difficult to untangle. Initial sampling by Scott Wing (Smithsonian
Institution) during the course of this study suggests a 50% turnover in vegetation type, but the
fossil locality has yet to be systematically sampled and analyzed. There is a preliminary, tenuous
observed shift of 100% conifers before ETM2 to a 50% angiosperms and 50% conifers. Thus, in
terms of hydrologic changes there are no independent proxies to suggest a major change in mean
annual rainfall nor floodplain drainage spanning ETM2. In terms of vegetation the response may
have been ~50% that of the PETM (Wing 2005; McInerney and Wing 2011), but this inference is
uncertain and based on one locality that was only partially sampled and described in the field.
Potentially this means that any hydrologic and vegetational shift associated with the ETM2 was
minor to absent or that the current paleosol geochemical proxies are not sensitive enough to detect
the shift and that stable isotope records indicate significant warming. Yet, clumped isotope
thermometry records suggest substantial warming in the Bighorn Basin during the ETM2, and it
seems unlikely that this increase in temperature had no affect on rainfall and vegetation (Sheldon
et al 2009; Nordt and Driese, 2010; Lalor, 2021).
This suggests that the absence of response in the stratigraphy may be due to autogenic
processes shredding the signal of the ETM2 which is smaller in magnitude and length to the PETM.
The lack of fluvial response to the ETM2 is unlike the notable responses observed from the PETM
in that the ETM2 Bighorn Basin “response” shows no change in lithofacies, flow depths, nor
channel-stacking pattern in either of the study areas examined. The Bighorn Basin ETM2 data are
consistent with recent studies suggesting long-term compensational patterns and downstream
sediment storage can “shred” short-term sediment flux and water discharge signals (Hajek &
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Straub, 2017; Straub et al., 2020). It is possible that the duration of the ETM2 is close to this
shredding threshold for the Bighorn Basin.
Signal transfer into the stratigraphic record depends on whether the period and scale of the
perturbation is smaller or larger than the systems response time, in this case the sediment transfer
system of the Bighorn Basin (Paola et al., 1992; Jerolmack & Paola, 2010). The storage and release
of sediment through a system acts as nonlinear filter of environmental signals on a landscape
(Hajek & Straub, 2017) so a climatic perturbation must be large enough to override the autogenic
filter. This process is often obscured by the transfer of sediment through a sediment routing system.
Studies have identified this threshold for overriding autogenic noise and producing a stratigraphic
signal and termed it the “compensation time scale” (Straub et al., 2009; Wang et al., 2011; Straub
& Wang, 2013). The compensation time scale is defined as the time it takes for subsidence to
remove deposits from the surficial zone of reworking via the fluvial system (Sheets et al., 2002;
Wang et al., 2011). Over extended time periods, the fluvial system deposits sediment in all
locations in the basin while subsidence preserves strata long term. This basin filling statistic is an
autogenic feature and is dependent on topographic roughness and long-term sedimentation rates
within the basin (Sheets et al., 2002; Wang et al., 2011; Straub & Wang, 2013) which means the
compensation time scale varies from basin to basin. The compensation time scale for the Bighorn
Basin was first approximated at 10 kyrs (Foreman & Straub, 2017), estimated using long term
sedimentation rates of the Willwood Formation and river flow depths extracted from bar clinoform
relief and fining upward sequences (Foreman, 2014). However, in other basins it appears larger
scale "clusters" of fluvial deposition and deposition elements cause compensation timescale at ~35 times that expected from using the paleoflow depths of rivers in isolation (Hajek et al., 2010).
The compensation timescale has not been explicitly calculated for the Bighorn Basin, meaning it
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could be as long as 30-50 kyrs. For events larger in magnitude than the 3-5x103 -year scale, (i.e.,
the PETM), I expect a complete stratigraphic signal, as observed by the Boundary Sandstone.
Conversely, the signal of smaller events close to or smaller than the compensation time scale (i.e.,
ETM2) are smeared or buffered by the storage and release process; thus, effectively shredding the
signal of the ETM2 at the Fifteenmile Creek field site and McCullough Peaks. Recent studies
addressing fluvial response to the PETM in multiple basins across North America and Spain
corroborate this hypothesis (Figure 11; Schmitz & Pujalte, 2007; Foreman et al., 2012; Foreman,
2014; Chen et al., 2018) and find that the PETM exceeds the threshold for a complete climatic
signal preserved in the stratigraphy (Fig. 10). The length and magnitude of the ETM2 is most likely
too close to the shredding threshold for the Bighorn Basin to observe a complete signal in the
stratigraphic record.

6.0 - Conclusion

Allogenic forcings (i.e., tectonics, sea level, climate) manifest changes in the stratigraphic
record and allow researchers to piece together past depositional environments and geomorphic
processes. The early Paleogene is marked by multiple hyperthermal events of varying magnitude,
the largest being the PETM. Recent studies have analyzed how large climatic perturbations, such
as the PETM, influence fluvial deposition, and their resulting stratigraphic products (Foreman et
al., 2012; Foreman, 2014; Chen et al., 2018). Little is known regarding the influence of smaller
hyperthermals on fluvial deposition and whether or not the signal of the hyperthermal would be
shredded by the autogenic “noise”. In this study, I examined fluvial deposition in the Bighorn
Basin of northern Wyoming before, during, and after the ETM2, a smaller known hyperthermal.
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Using existing carbon isotope excursions, I am able to constrain the location of the hyperthermal
in the stratigraphy of the Bighorn Basin and observe no change in sandbody geometry,
lithofacies abundance, or grain size spanning the ETM2. The absence of fluvial response
recorded in the stratigraphic record is dissimilar to what is observed for the larger PETM. The
evidence supports the hypothesis that the length and magnitude of the ETM2 is too similar in
magnitude to the compensation time scale for the Bighorn Basin. Overall, the lack of response to
the ETM2 within the Bighorn Basin sheds light on the relationship between hyperthermal
magnitude and thresholds for fluvial response.
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Figure 1. Location and geologic setting of the Bighorn Basin in northwestern Wyoming and
surrounding area including outcrop extent of Willwood Formation and Fort Union Formation.
Field sites are located in the southern Bighorn Basin in the Fifteenmile Creek Field Area, Sand
Creek Divide outside of Worland, and McCullough Peaks in the northern Bighorn Basin.
(modified from Kraus, 1992)
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Figure 2. Schematic of fluvial deposit architecture. Vertical, bold black line denotes typical
stratigraphic section measured by this study in the field. (modified from Nichols, 2009)
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Figure 3. Example of paleosols within the Willwood formation in the Fifteenmile Creek field
site. Interpreted image in white above and uninterpreted image below.
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Figure 4. Example of fluvial sandbody from the Willwood formation in the Fifteenmile Creek
field site. Interpreted image in white above and uninterpreted image below.
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Figure 5. Example of fluvial sandbody from the Willwood formation in McCullough Peaks field
site located within ETM2 interval. Left image uninterpreted and right image is interpreted in
white.
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Figure 6. Sedimentary structures in the Willwood Formation sandstone. A) Planar cross bedding
overlaid by planar bedding. B) Point bar accretion sets in alternating directions. C) Trough cross
bedding. All scale bars are 30cm in length. Left image uninterpreted and right image is
interpreted in white.
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Figure 7. Stratigraphic sections showing ETM2 isotope excursions from the Fifteenmile Creek
field area. Data from (Lalor, 2021)
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Figure 8. Representative stratigraphic sections from before, during and after the ETM2 in the
Fifteenmile Creek field area (above) and summarized lithofacies abundance from all measured
section as pie charts (below). N represents number of stratigraphic sections included in
measurements.
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Figure 9. Representative stratigraphic sections from before, during and after the ETM2 in the
McCullough Peaks field area (above) and summarized lithofacies abundance from all measured
section as pie charts (below). N represents number of stratigraphic sections included in
measurements.
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Figure 10. Plot illustrating paleoflow depths and sandbody thickness for Fifteenmile Creek and
McCullough Peaks field area. Black dots represent outside the ETM2 interval, grey dots
represent during the ETM2 and white dots represent during the PETM interval.
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Figure 11. Bivariate plot showing size of CIE and change in sandbody thickness for the PETM
in the Bighorn Basin (data from Foreman, 2014), PETM in the Piceance Creek Basin (data from
Foreman et al., 2012), PETM in the Tremp-Graus Basin (data from Schmitz & Pujalte, 2007;
Chen et al., 2018) and ETM2 in the Bighorn Basin (this study).
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Stratigraphic section description from the southern Bighorn Basin
ESF SB1A
Stratigraphic position: above RB3 by 6.0 meters
Scours: scours out RB4
GPS Coordinates:
N: 44.11689°
W: 108.18164°
Elevation: 4364 ft.
Unit

Description

A0
A1

Yellow weathered surface. Olive green siltstone. No ledge splays below.
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded to rounded
Sorting: moderate
Composition: 10% lithics. 90% quartz

Thickness
(meters)
6.00 m
1.45 m

Structures:
Inclined planar bedding
Measurements: 245°/12° N
200°/09° N
015°/12° E
Inclined laminations
Measurements: 0.5 to 3.0cm thick
Notes:
- sharp lower contact
- isolated dune crossbedding on inclined beds
- possible overlapping toe set of point bar
A2

Lithology:
Claystone
Notes:
- contact buried (probably sharp)
- Light brown
- Platy breakage
- Lots of modern vegetation on top
- Weathers mostly flat
- Possible mud plug or flood deposit.

1.05 m

A3

Lithology:
Sandstone

0.90 m
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Grainsize: mL to uF
Rounding: subrounded
Sorting: moderate
Composition: 5-8% lithics. Remainder is quartz
Structures:
Inclined planar bedding
Measurements: 245°/12° N
200°/09° N
015°/12° E
Laminations
Measurements: 0.01 – 0.03cm thick
Notes:
- sharp lower contact
- laminations within larger inclined planar bedding
- possible upper portion of point bar (rollover)
- unit can be traced laterally to get full sigmoidal shape
A4

Lithology:
Sandstone
Grainsize: mL to uF
Rounding: subrounded
Sorting: moderate
Composition: 15% lithics. 85% quartz
Structures:
Trough cross bedding
Measurements: 11 cm set
15 cm set
Notes:
- sharp lower contact
- Contains siltstone rip ups (olive green) and mm scale layers of silt/clay
- soft sediment deformation/ contorted beds at top of unit
Paleocurrent measurements throughout outcrop:
134° (small scale trough cross bedding)
195° (small scale trough cross bedding)

ESF SB1B
Stratigraphic position: above RB3 by 5.0 meters
Scours: scours out RB4
54

0.70 m

GPS Coordinates:
N: 44.11659°
W: 108.18137°
Elevation: 4443 ft.
Unit

Description

B0

Yellow weathered surface. grey green siltstone. No sandy ledge forming
units.
Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: ~15% lithics 85% quartz

B1

Thickness
(meters)
5.00 m
1.35 m

Structures:
Fine inclined laminations at base
Measurements: 0.005 to 0.010 cm in scale
180°/23° W
Notes:
- laminations are inclined at base and flatten out near top of unit
- possible lower portion of bar clinoform (toe set)
- single set of ripple cross lamination at top
B2

Lithology:
Siltstone (tan/ yellow color)

0.04 m

Structures:
Very fine laminations
Measurements: < 1 mm in thickness
extends 4.5 meters across outcrop
Notes:
- sharp lower contact
B3

Lithology:
sandstone
Grainsize: fU
Rounding: subrounded to subangular
Sorting: moderate
Composition: 15% lithics 85% quartz
Structures:
55

0.85 m

Fine laminations
Measurements: <1 mm in scale
Located at base
Inclined fine laminations
Measurements: 202°/08° W
Located near top of unit

B4

B5

Notes:
- laminations transition to inclined throughout the unit.
- possible top rollover on point bar
- sharp lower contact
Lithology:
Claystone (dark olive green)
Notes:
- mostly covered
- in vegetated flat area
- contact buried (likely sharp)
Lithology:
Grainsize: fU to mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz

0.60

0.65

Structures:
Inclined laminations

B6

Notes:
- laminations are packaged in layers approximately 2-3 cm thick.
- some of the layers are massive
- sharp lower contact
Lithology:
sandstone
Grainsize: fU to mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz
Structures:
Inclined planar bedding at base
Weak crossbedding at top (~1 set)
Notes:
- lower contact sharp
Paleocurrent measurements across outcrop
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0.60 m

010° (large scale trough crossbedding)
025° (large scale trough crossbedding)
ESF SB1C
Stratigraphic position: above RB3 by 4.3 meters
Scours: scours out RB4
GPS Coordinates:
N: 44.1160°
W: 108.18127°
Elevation: 4343 ft.
Unit

Description

C0

Lithology:
Claystone (olive green)

C1

Thickness
(meters)
4.3 m

Notes:
- yellow/ grey weathering
- no ledgey sands below unit
Lithology:
sandstone
Grainsize: mU < mL
Rounding: subrounded
Sorting: moderate
Composition: 5-8% lithics. Remainder is quartz

0.75 m

Structures:
Fine laminations
Measurements: slightly inclined to the east.
0.002 to 0.01 cm in thickness
Notes:
- lower contact is partially buried but appears sharp
C2

Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Planar crossbed set
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0.30 m

Measurements: 287°

C3

Notes:
- sharp lower contact
Lithology:
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

1.45 m

Structures:
Inclined laminations
Measurements: mm scale
Small scale planar cross bedding
Measurements: paleocurrent: 305°
Notes:
- sharp lower contact
- inclined laminations are organized into layers that alternate dipping to the
west- north- west
- sspx is near top of unit
C4

Lithology:
sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.45 m

Structures:
Top most portion of unit is same as unit below
Measurements:
Notes:
- base is covered
- isolated patches of exposed sandstone
C5
C6

Covered unit/ potentially sandstone. modern surface weathers to the
yellow of the sandstone
Lithology:
sandstone
Grainsize: fL to fU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
58

1.30 m
0.60 m

Structures:
Lower portion has flat laminations
Upper most portion has crossbedding
Notes:
- sharp lower contact
Paleocurrent measurements throughout outcrop:
330° (small scale planar cross bedding)
SFSE SB2A
Stratigraphic position: after ETM2
Scours: unsure the correlation between red beds out this far
GPS Coordinates:
N: 44.44.07106°
W: 108.09650°
Elevation: 4245 ft.
Unit Description
A0
A1

No splays underneath unit.
Base is covered
More sand.
Lithology:
sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

Thickness
(meters)
?
1.15

Structures:
Inclined planar bedding
Measurements: 1.0-1.5 cm in thickness
Thickness increases as you move up unit
Dipping southwest
Notes:
- lower contact is covered but likely sharp
- possible toe set of bar
A2

Lithology:
sandstone
Grainsize: fU > fL
Rounding: subrounded
Sorting: moderate
Composition: 5-8% lithics remainder quartz
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0.60 m

A3

Structures:
Laminations
Measurements: located at base of unit.
1.00 cm scale
Dipping SE at 190/15
Notes:
- sharp lower contacts
- laminations are at finest scale at base
- subtle concavity across unit. Possible toe set of point bar, dipping NE
Lithology:
sandstone
Grainsize: fU > fL
Rounding: subrounded
Sorting: moderate
Composition: 5-8% lithics remainder quartz

1.20

Structures:
Inclined planar bedding with laminations
Measurements: planar beds dipping SW
2.0-3.0 cm thick

A4

Notes:
- lower contact is sharp
- laminations are at finest scale at base
- subtle concavity across unit. Possible toe set of point bar, dipping NE
Lithology:
sandstone
Grainsize: fU to mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithic 90% quartz
Structures:
Trough cross bedding
Measurement: deformed so no paleocurrent taken. General north
direction
Notes:
- lower contact is sharp
Paleocurrents throughout outcrop:
030° (large scale dune cross bedding)
315° (large scale planar cross bedding)

ESF SB3A
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0.85 m

Stratigraphic position: during ETM2. 1.20 meters above RB5 but RB5 disappears laterally
sometimes.
Scours: scours out RB6
GPS Coordinates:
N: 44.11377°
W: 108.18153°
Elevation: 4369 ft.
Unit

Description

A0
A1

Claystone. Light grey. Weathers to a yellow
Lithology:
Grainsize: mU >mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz.
Contains small clay clasts (1.0-1.5. cm in length)

Thickness
(meters)
1.20 m
0.50 m

Structures:
Inclined laminations
Measurements: 3.0-4.0 cm in thickness
Generally dipping NW

A2

A3

Notes:
- lower contact is sharp
- 3.0-5.0 cm thick layer of claystone with roots and such at base. appeared
to contain organic material
Set of small scale cross bedding.
Dipping to SE
20 cm in scale
Same composition as unit below
Not laterally continuous
Lithology:
sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Contorted planar bedding (undulating)
Measurements: generally dipping SE
1.00-2.00 cm thick
Small scale trough crossbedding
Measurements: ~10.0cm in thickness
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0.20 m

1.30 m

A4

090° paleocurrent
Notes:
- lower contact is sharp
- top of unit is vegetated
- minor rippling at top of unit
Claystone. Light brownish olive color. Vegetated and covered
Notes on outcrop:
- Potentially switching toeset/ foreset of bar.

1.50 m

ESF SB4A
Stratigraphic position: after ETM2. No correlating red beds in the site.
Scours: into a red bed which is more clear laterally. In some areas the red bed turns purple
GPS Coordinates:
N: 44.08825°
W: 108.13515°
Elevation: 4240 ft.
Unit

Description

A0

Siltstone. light grey purple color. No ledge forming sand units

A1

Lithology:
sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

Thickness
(meters)
No lower
bed. Red
bed cuts
out under
main
portion of
channel
0.20 m

Structures:
Weak laminations with silt/ clay. Mm scale
Notes:
- sharp lower contact
A2

Lithology:
sandstone
Grainsize: mL
Rounding: subrounded

0.30 m
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Sorting: moderate
Composition: 2-5% lithics remainder quartz
Structures:
Weak planar crossbedding
Measurements: not high enough quality. Only one dimension
presented
Notes:
- lower contact is sharp
A3

Lithology:
sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.20 m

Structures:
Massive

A4

Notes:
- same lithology at A2
- lower contact is sharp
Lithology:
sandstone
Grainsize: fL to mU. Mostly mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.35 m

Structures:
Large scale trough cross bedding
Measurements: two sets overlap.
Dipping westward
Notes:
- the two sets are overlapping. The upper set scours into the lower set.
Picture in phone
A5

Lithology:
sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate

0.70 m
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Composition: 5% lithics 95% quartz
Structures:
Fine laminations
Measurements: cm scale
Notes:
- sharp lower contact
- laterally convex into smaller concave laminations

ESF SB4B
Stratigraphic position: above ETM2
Scours: sits on top of a red bed that scoured into directly to the west (4A)
GPS Coordinates:
N: 44.08818°
W: 108.13525°
Elevation: 4336 ft
Unit

Description

B0
B1

Siltstone. yellow weathered outside. Rusty brown color inside
Lithology:
Sandstone:
Grainsize: mL > fL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

Thickness
(meters)
0.10
0.30 m
locally

Structures:
Inclined weak laminations
Measurements: 1-2 mm in scale
Dipping south
Notes:
- lower contact sharp
- thins to the east
- minor rippling in upper portion of unit
- possible toeset of point bar, laterally exhibits full sigmoidal shape
B2

Lithology:
sandstone
Grainsize: fU > mL

0.90 m
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Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Large scale trough cross bedding (or large point bar toe set?)
Measurements: thickness of unit is thickness of structure
Notes:
- lower contact is sharp
- this unit thins laterally in both directions
B3

Lithology:
sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

0.55 m

Structures:
Inclined fine laminations
Measurements: beds dipping NW
300°/10° (taken from bed in upper portion of unit)
3-4 mm scale
Notes:
- basal contact is sharp and undulating

ESF SB4C
Stratigraphic position: after ETM2. East of 4B. sitting on top of same yellow unit but the red has
laterally turned to purple
Scours: on top of yellow unit. Below that is purple
GPS Coordinates:
N: 44.08813°
W: 108.13518°
Elevation: 4275 ft
Unit

Description

C0
C1

Siltstone – purple grey. No sandstone underlying. Abrupt avulsion
Lithology:
sandstone
Grainsize: mL > fU
Rounding: subrounded
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Thickness
(meters)
0.15 m
0.25 m

Sorting: moderately well
Composition: 2-5% lithics remainder quartz
Structures:
Weak inclined planar bedding
Measurements: dipping NW
Possibly slightly contorted
Notes:
- lower contact is sharp
- weak planar bedding at base and changes laterally
C2

Lithology:
Sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.08 m

Structures:
Small scale trough cross bedding
Measurements: 8 cm in thickness
Paleocurrent: 223°
Notes:
- lower contact is sharp
- small scale trough cross bedding is laterally extensive for 1.50 m
C3

Lithology:
Sandstone
Grainsize: fU and mL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz
Structures:
Weak planar bedding
Measurements: 1.00-2.00 cm thickness
Planar bedding
Measurements: 2.00-3.00 cm thickness
Weak laminations
Measurements: mm scale in thickness
Notes:
- lower contact is sharp
- all bedding is dipping to the south
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1.10 m

- this section of the systems is potentially levee or splays deposits
adjacent to channel sandstone

ESF SB4D
Stratigraphic position: after ETM2.
Scours: on top of yellow unit by .5 m. above a diffuse red unit by 1.2 m
GPS Coordinates:
N: 44.08811°
W: 108.13509°
Elevation: 4304 ft
Unit

Description

D0
D1

Grey siltstone. weathers to yellow
Lithology:
Sandstone
Grainsize: fL to vfU
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

Thickness
(meters)
0.50 m
0.40 m

Structures:
Weak inclined laminations
Measurements: dipping NW
Inclined planar bedding
Measurements: dipping NW
1-2 cm scale
Notes:
- sharp lower contact. Buried in some places
D2

Lithology:
sandstone
Grainsize: fU > mL
Rounding: subrounded
Sorting: moderately well
Composition: 2-5% lithics remainder quartz
Structures:
Inclined planar bedding
Measurements: mm to 2.0 cm scale in thickness
All generally dipping NW
Influenced by soft sediment deformation (strong
near top of unit)
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1.10 m

Notes:
- sharp lower contact
- minor rippling at top of unit
- possibly outside banks of river, incising down into other units (splay)
ESF SB4E
Stratigraphic position: after ETM2.
Scours: into yellow layer but rubble is covering base. ~0.5 m
GPS Coordinates:
N: 44.08832°
W: 108.13521°
Elevation: 4282 ft
Unit Description
E0
E1

Siltstone grey in color. Underlying unit of sand 0.3 meters in thickness.
Same fine grained unit as A1 in SB4D
Lithology:
Sandstone
Grainsize: mL > fU
Rounding: subrounded
Sorting: moderately well
Composition: 5% lithics 95% quartz

Thickness
(meters)
0.50 m
0.50 m

Structures:
Weak inclined laminations
Weak inclined planar bedding
Measurements: both structures generally dipping NW
Notes:
- sharp lower contact
E2

Lithology:
Sandstone
Grainsize: fU > mL
Rounding: subrounded
Sorting: moderately sorted
Composition: NA (forgot to take it)
Structures:
Weak inclined fine laminations
Measurements: dipping SW
2.0 cm in thickness bedding
Notes:
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0.25 m

- sharp lower contact
- minor rippling near top of unit
- bioturbation present
- vertical burrows 3.0-5.0 cm in length and 0.50 in width
E3
E4

Same as E1
Same as E2
- this unit is most likely a repetitive sequence of levee deposits.
- each unit moving up the section scours into the last and pinches out
away from the system.

0.25 m
0.85

ESF SB5A
Stratigraphic position: after ETM2.
Scours: on top of yellow unit by .5 m. above a diffuse red unit by 1.2 m
GPS Coordinates:
N: 44.13156°
W: 108.17958°
Elevation: 4341 ft
Unit Description
A0

Siltstone. olive brown. Yellow weathered outside.

A1

Lithology:
Sandstone
Grainsize: cL > mU
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz
Structures:
Fine laminations
Measurements: 1.0-2.0 mm scale
Notes:
- lower contact buried (probably sharp)
- lenses of cU to vcL sand 5% lithics, mod. Sorted, subrounded
- lenses are 2cm x 15-20 cm
- upper portion of unit contains small lenticular bodies of fL to vfU
sand.
- small lenses are mm scale and discontinuous.
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Thickness
(m)
0.50 m
No red bed
below main
portion of
channel
0.50 m

- lenses are local visible but probably laterally continuous
A2

A3

Lithology:
Sandstone
Grainsize: mL and vfU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Possible upper plane bed laminations
Measurements: 1cm to mm scale
Laterally extensive for 3.0 meters until buried
Up to 0.20 m in outcrop
Notes:
- lower contact sharp
Lithology:
Sandstone
Grainsize: mU and fU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.04 cm

0.10 m

Structures:
Fine laminations
Measurements: mU and fU (mostly mU)
0.50 – 2.00 cm scale
Notes:
- lower contact sharp
- laterally extensive for ~2m
A4

Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz
Structures:
Small scale planar cross bedding
Measurements: 0.12 m thick
2.0 cm thick beds w/in sspx
000° paleocurrent
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0.12 m

Notes:
- sharp lower contact
- laterally extensive ~2m
A5

Lithology:
Sandstone
Grainsize: mU and fU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.08 m

Structures:
Lenses of small ripups
Measurements: grainsize is silt to vfL
Notes:
- sharp lower contact
A6

A7

Siltstone, olive colored
Fine mm scale laminations, fissile
Laterally extensive throughout outcrop
Sharp lower contact
Lithology:
conglomerate
Grainsize: mU, 5% cU
Rounding:
Sorting:
Composition: 20% lithics
Sub angular clasts
Matrix= poorly sorted
20% lithics
Sub rounded to subangular
Clasts= subrounded
0.50 to 3.0 cm in intermediate length (popped out of matrix to
measure)
Structures:
Inclined planar beds
Measurements: 1-3 cm scale
Dipping north
Notes:
- sharp lower contact
- carb nodules are crudely imbricated
- unit is laterally extensive
- unit thins to far north
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0.25 m

0.60 m

Interpretation: possible thalweg unit
A8

Lithology:
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 15% lithics 85% quartz

0.20 m

Structures:
Crude laminations
Measurements:
Notes:
- laterally extensive
- sharp lower contact
- unit contains silt
-carbonate nodules at base of unit

A9

A10

Interpretation: possible point bar toe set paleomigrating SW
Lithology:
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 15% lithics 85% quartz
Structures:
Inclined planar bedding
Measurements: dipping north
Basal portion – S/D—335/12°
Top portion –S/D – 315/12°
Notes
- inclined planar bedding is composed of 85% carbonate nodules
- top is vegetated
- lower contact is sharp
Lithology:
sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz
Structures:
laminations
Measurements: mm scale
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0.80 m

0.40 m

Inclinced planar bedding
Measurements: 1.0 -1.5 cm thickness
Notes:
- lower contact buried but probably sharp
- in between bedding is silt
- unit generally dipping N
- top unit is generally dipping north
ESF SB6A
Stratigraphic position: after ETM2.
Scours: into red bed. 1.3 m above a diffuse red bed
GPS Coordinates:
N: 44.13121°
W: 108.17878°
Elevation: 4347 ft
Unit

Description

A0

Siltstone.
Locally on northside of outcrop
Lithology:
sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

A1

Thickness
(m)
1.3 m
0.80 m

Mostly massive
Notes:
- buried lower contact
- crude laminations at base (mm scale)
- crude planar bedding (1-4 cm scale)
A2

Lithology:
Sandstone
Grainsize: fU > mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz
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0.25 m

Structures:
LSPX
Measurements: paleocurrent 020°

A3

Notes:
Lithology:
Sandstone
Grainsize: fl > fU
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.70 m

Structures:
Planar bedding
Measurements: no inclination
1cm scale
Fine laminations (mm scale)
Notes:
- sharp lower contact
A4

Lithology:
Sandstone
Grainsize: fL to mL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz
Structures:
Fine laminations at top
Measurements: 1 mm scale
Notes:
- sharp lower contact
- laminations located near base
- SSD influencing uppermost portion
- general fining upwards
- fL @ top

ESF SB6B
Stratigraphic position: after ETM2.
Scours: into a strong red bed. 1.5 m above a diffuse red bed
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0.90 m

GPS Coordinates:
N: 44.13121°
W: 108.17870°
Elevation: 4365 ft
Unit

Description

B0

Siltstone (olive brown)
Yellow paleosol
Lithology:
Sandstone
Grainsize: mL < fU
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

B1

Thickness
(m)
1.50 m
0.90 m

Structures:
Planar bedding inclined
Measurements: dipping N

B2

B3

Notes:
- buried lower contact, probably sharp
Lithology:
Sandstone
Grainsize: fU to mL
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- mostly massive structure
- sharp lower contact
- locally thick, thins in both directions
Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 2%lithics 98% quartz
Structures:
Fine inclined laminations
Measurements: dipping NE
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0.40 m

0.20 m

Notes:
- possible toe set of point bar
B4

B5

Lithology:
Sandstone
Grainsize: mU
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz
Notes:
- massive
Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

0.80 m

1.20 m

Structures:
inclined planar bedding
Measurements: dipping south
1-2cm in thickness

B6

Notes:
- sharp lower contact
-possible point bar toe set
Lithology:
Sandstone
Grainsize: mL
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Measurements:
Notes:
- sharp lower contact
- this unit appears to be local (not laterally extensive)

ESF SB7A
Stratigraphic position: lower ETM2 or pre ETM2. Sits 2.6 m above RB2
Scours: into RB3 (diffuse locally , possibly a yellow bed
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0.40 m

GPS Coordinates:
N: 44.10944°
W: 108.18499°
Elevation: 4288 ft
Unit

Description

A0

No sandy unit, abrupt avulsion
siltstone, light grey, fissile
Lithology:
Sandstone
Grainsize: cL
Rounding: sub rounded
Sorting: moderate
Composition: 15% lithics 85% quartz

A1

Thickness
(m)
2.60 m
0.20 m

Structures:
Inclined unit
Measurements: dipping east

A2

Notes:
- this unit contains silt
- contains larger clasts (10% >2cm, 50% ~2 mm)
Lithology:
sandstone
Grainsize: mU
Rounding: sub rounded (including clasts)
Sorting: moderate
Composition: 10% lithics 90% quartz

0.15 m

Structures:
Dipping unit
Measurements: in general eastward direction

A3

Notes:
- sharp lower contact
- contains clasts ~2mm in intermediate dimension
- larger clasts located at bottom of unit
Lithology:
Sandstone
Grainsize: fU
Rounding: sub rounded
Sorting: moderate
Composition: 2-5% lithics. Remainder quartz
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0.50 m

Structures:
Inclined planar bedding
Measurements:1-2 cm. in thickness
Strike/ dip 335/05°
Structures:
laminations
Measurements:mm scale

A4

Notes:
- unit dipping east
- sharp lower contact
- inclined planar bedding flattens out after ~1m laterally
- heavily laminated locally
- pb toe set?
Lithology:
Sandstone
Grainsize: cL (some mL)
Rounding: sub angular
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.25 m

Structures:
Weak planar bedding
Measurements: 5cm thick

A5

Notes:
- lower contact sharp
- contains lenses of v. coarse to 1cm clasts, 30cm in longest available
length
Lithology:
Sandstone
Grainsize: fU
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics
Structures:
Inclined planar bedding
Measurements: dipping SE
1-2 cm scale
Structures:
Upper portion inclined planar bedding
Measurements: dipping NE
1-2 cm scale
Strike/dip 290/15°
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0.50 m

Notes:
- sharp lower contact
- possible fine upper portion of system
- migrating point bar or multistory shallow channel
Paleocurrents across outcrop
LSPX- 100°
ESF SB7B
Stratigraphic position: within ETM2. 2.0 m above RB2
Scours: into RB3 (?) questionable
GPS Coordinates:
N: 44.10950°
W: 108.18493°
Elevation: 4309 ft
Unit Description
B0
B1

Yellow paleosol, olive brown siltstone
Lithology:
conglomerate
Grainsize: matrix = mU
Rounding: sub angular including clasts
Sorting: moderate
Composition: 10% lithics 90% quartz

Thickness
(m)
2.0 m
0.60 m

Structures:
Measurements:

B2

Notes:
- sharp lower contact locally
- carbonate nodules are 95% of clasts within conglomerate
- below the unit is pockets of sandy material in place (mL, mod sorted,
5% lithics, massive)
Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition: 15% lithics, 85% quartz
Structures:
Crude inclined planar bedding
Measurements: dipping NE
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0.60 m

B3

Notes:
- sharp lower contact
- carb nods at base of unit
- carbonate nodules and gravel ( loose) present at top of unit
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.25 m

Structures:
weak planar bedding
Measurements: ~ 6cm in thickness
Generally dipping NE
Notes:
- lower contact is buried but likely sharp
- top of unit is crumbled and mostly out of place
Plaeocurrent across outcrop
SSPX 11 cm 323°

0.25 m

ESF SB8A
Stratigraphic position: within ETM2. Above RB2 by 7m
Scours: into RB3 (?) questionable
GPS Coordinates:
N: 44.10911°
W: 108.18350°
Elevation: 4355
Unit Description
A0
A1

Siltstone (olive brown)
Sandy unit further up within A0 unit. Splay (?)
Lithology:
conglomerate
Grainsize: matrix = fL and silt (clsts are PCN- pedogenic
carbonate nodules)
Rounding: subrounded (including clasts)
Sorting: moderate
Composition: contains clasts
Structures:
Crude planar bedding
Measurements:
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Thickness
(m)
7.0 m
0.50 m

A2

Notes:
- conglomeratic base
- clasts are 1.5 cm to 0.5 cm to 2 mm
- lower contact buried but probably sharp
Lithology:
Sandstone
Grainsize: fU to silt
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.75 m

Structures:
Inclined planar bedding
Measurements: 0.5 to 1.0 cm in thickness
Dipping north
Strike/dip 260/18°
Notes:
- sharp lower contact
- <2% clasts larger than 1cm
- possible pb rollover
A3

Lithology:
Sandstone
Grainsize: fU to silt
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.13 m

Structures:
SSPX
Measurements: ~13 cm thick
Paleocurrent 140°
Notes:
- lower contact diffuse
A4

Lithology:
Sandstone
Grainsize: mU to cL
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Inclined planar bedding
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0.45 m

Measurements: dipping N
2-3 cm thick
Notes:
- lower contact sharp
A5

Lithology:
Sandstone
Grainsize: fu to mL
Rounding: sub rounded
Sorting: moderate
Composition: 2% lithics 98% quartz

0.25 m

Structures:
Slightly inclined. laminations
Measurements: 1 to 2 cm thick
Notes:
- top of unit is vegetated

ESF SB8B
Stratigraphic position: within ETM2. 4.9 m above RB2
Scours: into RB3. Splay from 8A is not present in this section
GPS Coordinates:
N: 44.10918°
W: 108.18353°
Elevation: 4316 ft
Unit
Description
B0
B1

Sandy clay
Lithology:
Sandstone
Grainsize: cL
Rounding: sub rounded
Sorting: moderate
Composition: 10% lithics 90% quartz. Contains silt
Structures:
Crude planar bedding
Measurements:
Notes:
- lower contact buried
- small lenses of vcL ~4cm in available dimension- length
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Thickness
(m)
4.90 m
0.20 m

B2

B3

Lithology:
conglomerate
Grainsize: matrix = mU
Rounding: sub rounded including clasts
Sorting: moderate
Composition: matrix = 2-5% lithics 98% quartz. Clasts = PCN
Notes:
- lower contact sharp
- conglomerate is clast. Supported
Lithology:
Sandstone
Grainsize: mU > mL
Rounding: sub rounded
Sorting: moderate
Composition: 10% lithics 90% quartz

0.40 m

0.60 m

Structures:
Inclined planar bedding
Measurements:1-2 cm in thickness
Strike/dip 240/06°

B4

B5

Notes:
- sharp lower contact
Lower contact diffuse
fU to mL
crude laminations
mostly massive
Lithology:
Sandstone
Grainsize: mU
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz
Structures:
Planar bedding
Measurements: 2-3 in thickness
Slope negligible
Notes:
- lower contact buried but probably sharp
- top littered with loose Carbonate nodules and vegetated

ESF SB8C
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0.55 m

0.80 m

Stratigraphic position: within ETM2. 4.0 m above RB2
Scours: into RB3. Splay from 8A is not present in this section
GPS Coordinates:
N: 44.10923°
W: 108.18354°
Elevation: 4333 ft
Unit

Description

C0
C1

Siltstone (olive brown) fissile
Lithology:
Sandstone
Grainsize: mU
Rounding: subrounded
Sorting: moderate
Composition: contains silt

Thickness
(m)
4.0 m
0.60 m

Structures:
Inclined pklanar bedding
Measurements: strike/dip 290/25°

C2

Notes:
Lithology:
Sandstone
Grainsize: mU
Rounding: sub srounded
Sorting: moderate
Composition: 10% lithics 90% quartz

1.50 m

Structures:
Planar bedding
Measurements: 2-4 cm in thickness
Bedding gradually dips W

C3

Notes:
- unit influenced by Soft sediment deformation
- various ledge throughout unit
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz
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1.20 m

ESF SB8D
Stratigraphic position: within ETM2. 4.5 m above RB2
Scours: into RB3
GPS Coordinates:
N: 44.10929°
W: 108.18353°
Elevation: 4340 ft
Unit
Description
D0
D1

D2

Siltstone olive brown (yellow weathering outside)
Lithology:
Sandstone
Grainsize: mU
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- lower contact buried but probably sharp
- laminated at base
- elongate lenses of coarse material including 2% PCN
Lithology:
Sandstone
Grainsize: mU
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz

Thickness
(m)
4.5 m
0.35 m

0.11 m

Structures:
SSTX
Measurements: paleocurrent 107°

D3

Notes
- sharp lower contact
Lithology:
Sandstone
Grainsize: mU
Rounding: sub rounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Planar bedding
Measurements: 0.50 cm thick
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0.10 m

B4

Fine laminations
Lithology:
Sandstone
Grainsize: cU
Rounding:
Sorting:
Composition:

0.11 m

Structures:
Measurements:

B5

Notes:
- sharp lower contact
- interbedded with siltstone and organic material. Silt is .5cm
- siltstone is mostly at base and dissipates upwards
Lithology:
Sandstone
Grainsize: fU > mL
Rounding: subrounded
Sorting: moderate
Composition: 10% lithics 90% quartz

1.40 m

Structures:
Planar bedding
Measurements: 2-5 cm thick
Notes:
- influenced by SSD
- top portion vegetated with small pockets of exposed rock
- unit undulates across outcrop
ESF SB9A
Stratigraphic position: before ETM2. No lower red beds around to correlate up to
Scours: RB(-3) bottom of stratigraphic section
GPS Coordinates:
N: 44.10384°
W: 108.18285°
Elevation: 4313 ft
Unit
Description
A0
A1

Silty claystone, light grey. Weathers to light yellow grey
Lithology:
Sandstone
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Thickness
(m)
n/a
0.90 m

Grainsize: mL
Rounding: sub rounded
Sorting: moderate to poor
Composition:
Structures:
Crude laminations
Measurements: mm scale dipping NW

A2

Notes:
- lower contact buried but probably sharp
Lithology:
Sandstone
Grainsize: mL
Rounding: sub rounded
Sorting: moderate to poor
Composition:

0.07 m

Structures:
SSPX
Measurements: paleocurrent 325°

A3

Notes
- laterally extensive for 2.5 m
- sharp lower contact
Lithology:
Sandstone
Grainsize: mL to fU
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz and silt
Structures:
Very weak laminations
Measurements:
Notes:
- lower contact sharp
- this unit does not continue back into outcrop. Turns into mud rich
unit with splays so possible seeing the whole channel system plus
overbank and crevasse splays or flood plain

ESF SB9B
Stratigraphic position: before ETM2. No lower red beds around to correlate up to
Scours: RB(-3) bottom of stratigraphic section
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0.50

GPS Coordinates:
N: 44.10370°
W: 108.18275°
Elevation: 4282 ft
Unit
Description
B0
B1

B2

Grey siltstone with orange red mottling, fissile
Lithology:
Sandstone
Grainsize: mU to mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- massive at base
- sharp lower contact
Lithology:
Sandstone
Grainsize: mU to mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

Thickness
(m)
n/a
0.25 m

0.12 m

Structures:
Inclined Planar bedding
Measurements: inclined to NW

B3

Notes:
- Sharp lower contact
Lithology:
Sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz
Structures:
Inclined planar bedding
Measurements: dipping NW
Strike/dip 287/07°
Notes:
- sharp lower contact
- thickens extensively to about 1.0 m
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0.50 m

Paleocurrent across outcrop
SSPX 10 cm 115°
ESF SB10A
Stratigraphic position: during ETM2. Above RB3 by 2.9 m
Scours: RB4
GPS Coordinates:
N: 44.12071°
W: 108.18800°
Elevation: 4320 ft
Unit

Description

A0
A1

Silty claystone brown. fissile
Lithology:
Sandstone
Grainsize: mU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

Thickness
(m)
2.90 m
0.80 m

Structures:
Weak inclined laminations
Measurements: cm scale
Dipping north
Notes:
- lower contact buried but probably sharp
- minor rippling at base
A2

Lithology:
Sandstone
Grainsize: fU to fL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz
Structures:
Inclined planar bedding
Measurements: 2-4 cm scale
Notes:
- lower contact sharp
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0.35 m

A3

Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

0.35 m

Structures:
Inclined planar bedding
Measurements: 3 cm in thickness
Dipping NW
Laminations
Measurements: mm scaled
Dipping NW
Notes:
- possible point bar accretion unit
ESF SB10B
Stratigraphic position: during ETM2. Above RB3 by 2.3 m
Scours: RB4
GPS Coordinates:
N: 44.12069°
W: 108.18813°
Elevation: 4346 ft
Unit
Description
B0
B1

Clayey siltstone, mottled with orange. fissile
Lithology:
Sandstone
Grainsize:mU
Rounding: subrounded
Sorting: moderate
Composition: contains silt
Structures:
Weak laminations
Weak planar bedding at base
Planar bedding at top
Measurements: dipping N
Strike/dip 275/12°
3cm thick beds
Notes:
- lower contact sharp
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Thickness
(m)
2.30 m
1.15 m

- possible toe set
ESF SB10C
Stratigraphic position: during ETM2. Above RB3 by 2.3 m
Scours: RB4
GPS Coordinates:
N: 44.12075°
W: 108.18809°
Elevation: 4348 ft
Unit
Description
C0
C1

Silty claystone. Fissile. Lightly mottled with orange
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

Thickness
(m)
2.0 m
0.50 m

Structures:
Weak laminations/ weak planar bedding
Measurements: dipping NW

C2

Notes:
- lower contact buried but probably sharp
-massive at base. Moving up into laminations
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.06 m

Structures:
SSPX
Measurements: dipping NW

C3

Notes:
- lower contact sharp
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded

0.05 m

91

Sorting: moderate
Composition: 5% lithics 95% quartz
Structures:
Crude laminations

C4

Notes:
- lower contact sharp
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz

0.05 m

Structures:
SSPX
Measurements: dipping NW

C5

Notes:
- lower contact sharp
Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

0.45 m

Structures:
Weak planar bedding
Measurements: dipping W
2-3 cm thick

C6

Notes:
- minor rippling at base
- crude laminations at top
Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz
Structures:
SSPX
Measurements: paleocurrent 337°
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0.10 m

Notes:
- lower contact sharp
- becomes laterally diffuse
C7

Lithology:
Sandstone
Grainsize: fL
Rounding: subrounded
Sorting: moderate
Composition: 5-*% lithics remainder quartz

0.40 m

Structures:
Weak laminations
Measurements: dipping NW
Notes:
- Sharp lower contact
ESF SB11A
Stratigraphic position: before ETM2. Above RB(-3) by 0.95 m
Scours: out RB(-2)
GPS Coordinates:
N: 44.09985°
W: 108.17822°
Elevation: 4156 ft
Unit
Description
A0

A1

Alternating layers of upper coarse, very coarse, and upper very fine
sand with sharp contacts
Layers are 2-3 cm in thickness
Sharp contacts
Ripple laminations and siltstone ripups
Crevasse splay unit(?)
Lithology:
Sandstone
Grainsize: cL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- sharp lower contact
- massive
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Thickness
(m)
N/A

0.25 m

A2

Lithology:
Sandstone
Grainsize: fU > mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz

0.40 m

Structures:
Inclined laminations
Measurements: 1-3 cm thick

A3

Notes:
- sharp lower contact
- tangential lower contact
- likely lower toe set of bar
Lithology:
Sandstone
Grainsize: fL
Rounding:
Sorting:
Composition:

0.30 m

Structures:
Inclined Ripple cross laminated
Fine laminations
Measurements: dipping
Notes:
- sharp lower contact
- unit contains soft sediment deformation
- foreset of bar structure
- crude cross stratification laterally
A4

Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: moderate
Composition:

0.55 m

Structures:
Inclined planar bedding
Measurements: 1cm thick
Located at base of unit
Notes:
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A5

- sharp lower contact
- middle portion of bar
Lithology:
Sandstone
Grainsize: fU to mL
Rounding: subrounded
Sorting: moderate
Composition: 2-5% lithics remainder quartz
Structures:
laminations

0.75 m

Notes:
- sharp lower contact
- soft sediment deformation
A6

Lithology:
Sandstone
Grainsize: fL to fU
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

3.50 m

Structures:
Measurements:
Notes:
- partially covered
- heavily weathered with dark brown ledges of sandstone
- weathers to a loose sand
- extensive soft sed deformation with bioturbation
- potentially a crevasse splay sequence at top of fluvial sandbody
Total thickness: 5.75 m
ESF SB11B
Stratigraphic position: before ETM2. Same strat position as SB11A
GPS Coordinates:
N: 44.10250°
W: 108.17928°
Elevation: 4223
Unit
Description
B0
B1

Thickness
(m)

Covered but appears sandy. Weathers to loose sand
Lithology:
95

0.45 m

Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- lower contact covered
- mostly massive
- weak laminations and cross beds
B2

B3

Lithology:
Sandstone
Grainsize: cL to mU. Very coarse at bottom
Rounding:
Sorting:
Composition:
Notes:
- sharp lower contact
- exhibits weak normal grading
- gravel sized PCN
- discontinuous solitary cross bed sets (potentially planar)
Lithology:
Sandstone
Grainsize: mL to mU with some coarse sand at base
Rounding:
Sorting:
Composition:

0.12 m

0.15 m

Notes:
- sharp lower contact
- PCN present
- unit thickens laterally
- mostly massive with faint normal grading
- channel base?
B4

Lithology:
Sandstone
Grainsize: mL to mU with some coarse sand at base
Rounding:
Sorting:
Composition:
Notes:
- sharp lower contact
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0.20 m

- PCN present
- unit thickens laterally
- mostly massive with faint normal grading
B5

B6

Lithology:
Sandstone
Grainsize: fU to mL
Rounding:
Sorting:
Composition:

0.16 m

Notes:
- sharp lower contact
- 60-70% very coarse clasts at base
- normally graded
- transitions into fine fine laminations near upper portion of unit
- soft sed deformation present
Lithology:
Sandstone
Grainsize: fU
Rounding: subrounded
Sorting: moderate
Composition:

0.20 m

Notes:
- lower contact sharp
- soft sed deformation present throughout unit
B7

B8

Lithology:
Sandstone
Grainsize: fL to fU
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
Notes:
- sharp lower contact
- weak laminations
-soft sediment deformation present
Lithology:
Sandstone (silty)
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 5% lithics 95% quartz
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0.16 m

0.45 m

Structures:
SSTX
Measurements: 10cm sets
Notes:
- sharp lower contact
- isolated zones of PCN
B9

Lithology:
Sandstone
Grainsize:mL minor silt
Rounding: subrounded
Sorting: moderate
Composition: 8% lithics 92% quartz

0.30 m

Structures:
LSPX
Measurements: paleocurrent 47°
Paleocurrent 64°

B10

Notes:
- sharp lower contact
- minor soft sediment deformation
Lithology:
Sandstone
Grainsize: mL
Rounding: subrounded
Sorting: moderate
Composition: 205% lithics remainder quartz
Structures:
SSPX
Measurements: paleocurrent 258°

Notes:
- this unit is possibly a separate sandbody that has amalgamated with
lower units
- rounded low relief exposures difficult to determine sub units
- massive, planar xbeds, and soft sediment deformation
- unit capped with brown laminated ss
SB Thickness: 5.79 m
ESF SB12A
Stratigraphic position: before ETM2. Above RB(-3) by 1.2 m
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3.60 m

GPS Coordinates:
N: 44.10354°
W: 108.18241°
Elevation: 4279 ft
Unit
Description
A0
A1

Thickness
(m)

Silt stone with clay. Mostly covered. Olive brown coloring
Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: poor to moderate
Composition:

0.80 m

Structures:
Inclined layers
Measurements: 0.5 to 1.0 cm thick
Dipping to the north

A2

A3

Notes:
- sharp lower contact/ partially buried
- lower toe set of bar clinoform
Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: poor to moderate
Composition:
Notes:
- sharp lower contact
- solitary cross bed with tangential lower contacts
- dune on a bar
Lithology:
Sandstone
Grainsize: mL to mU
Rounding: subrounded
Sorting: poor to moderate
Composition:
Structures:
Inclined lamination
Measurements: dipping to north
Notes:
- middle portion of bar
- sharp lower contact
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0.10 m

0.65 m

A4

Lithology:
Sandstone
Grainsize: uF
Rounding: subrounded
Sorting: moderate
Composition: 2% lithics 98% quartz

1.20 m

Structures:
sstx
Measurements: paleocurrent 100°
Paleocurrent 193°
Set thickness = 10-15 cm
Notes:
- sharp lower contact
- brown and well lithified
- significant soft sediment deformation
-fair amount of silt
SB Thickness: 2.75 m
Notes from South Creek Field Site- from Brady Foreman
FU-001
GPS Location
N43º57.0031
W107º38.0501
Unit

Description

1

- Sharp contact
- Overlies mudstone
- Interbedded sandstone w/ carbonaceous layers
- basal 16cm is carbonaceous
- each layer is approximately 1 mm thick
- carbonaceous zones are partially deformed, undulating bedding,
laterally persistent for meters
- pale yellow brownish (10YR- 6/2)
- unit continuous for 10- 20 meters
GS: fU- mL sandstone
- all undulatory
- Gradational lower contact with
- siltstone rip ups
- small carbonaceous blebs
- Light olive grey SY 6/1
GS: fU- mL sandstone

2

100

Thickness
(m)
0.42

0.26

3

- Sharp lower contact
- composed of finely laminmated ss layers (1-2mm thick with
carbonaceoua layers)
- contorted soft sed deformation
- coal at top <1cm
- pale brown 5YR 5/2
GS: fU- mL ss
- al SSD
4
- sand and silt are interbedded on 1-5 mm scale
- silitier layers are ripple laminated and finely laminated
- light olive grey 5Y 6/1
GS: fL- fU sand + silt
5
- yellowish grey 5Y 7/2
- faint cross bedding
- gradational lower contact
- over all mostly massive
GS: fL-fU
- allTCB
SB Thickness: 3.13 m
Notes from South Creek Field Site- from Brady Foreman

0.16

0.44

1.85

WW-3
GPS
N44º09.176
W107º51.582
Unit

Description

1

Silty claystone
Olive gray 5Y 4/1
Sharp lower contact
Massive structure
Sharp lower contact
Gray ish yellow 5Y 8/4
Carbonaceous in zones
claystone layers with leaf imprints and carbonaceous materials ~2cm
thick
associated with mU- cL sand layers
layers are undulatory and discontinuous
coarse sand layers 2-8 mm thick
organic rich layers in sandy layer
- all inclined beds
fU-mL sand
light olive gray 5Y 5/2
base is gradational
basal clay rich zone is ~18cm thick follows by massive layer 7cm

2

3
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Thickness
(m)
0.18

2.05

1.35

overlain by 10cm planar cross bedding layer
overlain by clay rich zone that extends to top of exposed section
SB Thickness: 3.58 m
WW-4 from South Creek Field Site
N44º8.636
W107º51.070
- Nice sandbody with clinoforms exposed above big red sequence
- Lenticular in geometry with in avulsion deposit
Unit Description
1

2

3

4

5

6

mL-cL sandstone
basal contact is covered
very light gray N8
composed of at least 2 sets of clinoforms mostly cut out
wedges of coarser sand up to cU, mud, rip ups up to 2cm thick in
association w/ clinoforms
coarse sand wedges up to 1.5 m wide
- Inclined beds
“medium- lower sandstone”
Sharp basal contact
Very light gray N8
Organic rich w/ wood fragments and potential leaf imprints
Undulatory bedding with potential ripples
Organic rich layers coat sand layers
mL sandstone
erosive base
gravel and sand at base
-quartzite, Limestone, chert ripups at base
Fines upwards for 10 cm above base
Pieces of gravel throughout section
All CC
mL sandstone
gray ish orange 10YR 7/4
gradational contact w/ “3”
1 sets of cross bed that have been soft sediment deformed
2 all trough
fU- mL sand
same color as “4”
single trough cross bedding set
sharp basal contact
mL- mU
same color as “5”
bound by mud rip up layers 2.5 (top) and 1.5 cm (bottom)
rip up clasts less than 2 cm thick
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Thickness
(m)
.93

.30

.60

0.41

0.20

0.15

upper plane bed laminations
7
mL- mU sand
same color as “6”
sharp lower contact
contains potential antidune
paleocurrents 331º and 246º in SSTX
8
fU-mL
sand with some clay layers
gradational lower contact
same color as “7”
SB Thickness: 3.67 m
Measurements: (from laser range finder)
SB thickness: 3.60 meters
SB width: 17.5 meters

0.13

.95

East Section SCD-001
Unit Description
1
2

3

4

5

6

vfU- fL sandstone
massive
light olive grey 5Y 5/2
Siltstone
Sharp lower contact
Mostly massive- some carbonaceous zone
Olive grey 5Y 4/1 w/ dark yellowish orange 10YR 6/6 mottling
Becomes more carbonaceous at top
Siltstone
Sharp lower contact
Composed of beds 2-5 cm thick, some of which contain ripple
laminations, others are horizontally laminated
Yellowish grey 5Y 7/2
Top is burrowed or maybe rooted, penetratinf ~10 cm down <1/2cm
diameter filled with sand (orange color)
fU- mL sandstone
sharp lower contact
massive
yellowish grey 5Y 7/2
fU-mL sandstone
2x crossbed sets at base grade into massive structure
10-15 cm thick zone of mL-mU sand with siltstone rip ups
Same color as 4
1/3 as TCB
mL- mU sandstone
same color as 5
slightly inclined laminations of sand and silt ALL
silt layers 1-4 mm thick
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Thickness
(meters)
>1.0 m
0.25 m

0.3 meters

0.40 meters

0.55 m

1.33 m

7

8

9

10

sand layers up to 5cm thick
gradational lower contact
Clayey siltstone
Weakly laminated siltstone beds 1 cm thick
Sharp lower contact
Light olive grey 5Y 6/1
fU sandstone
finely laminated
sharp planare lower contact
dusky yellow 5Y 6/4
Silty claystone
Finely laminated sharp lower contact
Light olive grey 5Y 6/1
fU sandstone
same color as 8
slightly inclined laminations
penetrated by siltstone filled with subvertical burrows
burrows 1cm wide
approximately 20cm long
sharp lower contact

0.12 m

0.14 m

0.12 m

1.70 m

SB Thickness: 5.91 m
Measurements (from laser range finder):
SB thickness 4.5 meters
SB width: 41.7 meters
West Section SCD- 001
Unit Description
1
2

3

4

5

Siltstone
Light olive grey 5Y 5/2 w/ very dusky purple 5RP 2/2 mottling
Silt rich clay
Yellowish gray 5Y 7/2
Minor slickensides
1 and 2 probably B horizons in paleosols
fL sandstone
carbonaceous
sharp lower contact
lower most 1.5 cm mL ss with no carbonaceous material
fL-fU sandstone
massive
clay rich zones that are discontinuous
sharp lower contact
yellowish grey 5Y 7/2
Claystone
104

Thickness
(meters)
>0.42 m
0.05

~10 cm

0.25

0.18 m

Carbonaceous blebs
Discontinuous fU ss layers
Gradational lower contract
Becomes more carbonaceous and clay rich upsection
Light olive grey 5Y 5/2
6
Claystone
Mottled
Matrix is olive grey 5Y 4/1 with dark yellowish brown 10YR 4/2
mottling
Gradational lower contact
7
Claystone
Basal 10cm are rippled with siltstone
Same color mottling as 6
Slickensides near top
Gradational lower boundary
8
Claystone
Abundant slickensides
Olive gray 5Y 4/1
9
Same as unit 3
10
Sandy siltstone
Lower contact is gradational
Massive
Light olive grey
5Y 5/2
11
fL-fU sandstone
interbedded mudstones with sand
some layers pure mudstone, others are finely laminated mudstone and
sand, others are ripple-laminated sand
sand layers are <5cm thick
light olive grey 5Y 5/2 mudstone
organic material on ripple cross sets
sand is yellowish gray 5Y 7/2
“bar clinoform”
SB Thickness: 3.75 m
SCD-002
N 44º08.706
W 107 º51.680
Unit
Description
1

fU-mL sandstone
coarsens upward to mL-mU
planar laminated (1-3mm thick)
at middle of unit, bed of mud ripups and carbonaceous material
carb ripup beds occur in upper ~20cm of unit
dusky yellow 5Y 6/4
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0.05 m

0.48 m

0.50 m
0.22 m
0.77 m

0.73 m

Thickness
(meters)
0.70 m

sharp lower contact
2
mL-cU sandstone
composed of 2 sets of weakly developed x-bedding
TCB
a few x-bed sets are mud ripups and 1-2 are mudstones
very light grey N8
sharp lower contact
3
Predominately fU- mL but up to cL sandstone
Sharp lower contact
3 trough crossbed sets comprise unit
Quite carbonaceous in some areas
Yellowish grey 5Y 7/2
Carbonaceous material moderate yellowish brown 10YR 5/4
4
Siltstone
Minor carbonaceous material
Mostly massive
Sharp lower contact
Light olive grey 5Y 6/1 mottled with dark yellowish orange 10YR 6/6
in upper 5cm
5
mL-mU sandstone
sharp erosional lower contact with topography
abundant carbonaceous material
massive
coalified wood fragments in upper 5-10cm
dark yellowish browb 10 YR 4/2
6
Sandy claystone
Sand occurs as blebs
Gradational lower contact
Carbonaceous debris (minor)
Olive grey 5Y 4/1 with moderate yellow 5Y 7/6 mottling
7
mL- mU sandstone
faintly cross-bedded TCB
gradational lower contact
very light grey N8
8
Claystone
Sharp lower contact
Flat laminations
Very minor carbonaceous material
Olive grey 5Y4/1
9
Sandstone same as unit 7
10
Claystone same as unit 8
Above 10 is covered
SB Thickness: 4.64 m
Measurements:
SB thickness: 10.5 meters
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0.48 m

0.78 m

0.35 m

0.73 m

0.60 m

0.34 m

0.11 m

0.30 m
0.25 m

TWA-1A
After ETM2
GPS Coordinates
N: 44.13322
W: 108.17783
Elev: 4361 ft.
Unit
Description
0

1

2

3

basal contact covered
grainsize: mL sand
2.5% feldspar
5% lithics
Faint planar laminations
Lower contact sharp
Grain size cL
Sub rounded
2% feldspar
5% lithics
Rest is quartz
Planar laminations at the base 15cm in thickness. Laterally extensive
(dipping N)
Topped with faint laminations
Lower contact sharp
Storey break
fU sand
adjacent to section, stratified coarse grained material lithics
topped with silty laminations
Sharp lower contact
mU sand
mostly massive
faint laminations
laterally extensive
top contact buried by vegetation

TWA-1B- adjacent on same sandbody
Unit
Description
0
1

2

Lower fine sand
Corresponds to unit zero in TWA-1A
Faint subhorizontal laminations
Lower contact sharp
Beds dipping north
Possible lower storey or toe of accretionary unit from migrating point
bar
Adjacent beds dip south eastern
fL-fU
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Thickness
(meters)
NA

0.8

0.19

2.1

Thickness
(meters)
0.4 (no
base)
0.75

0.1

3
4

same composition as unit 0
lower contact buried
undulating scours down to the south
Same composition as unit 1
Consists of subhorizontal laminations dipping south
Pinches out laterally reappears at same height at TWA1A
Basal contact sharp
Corresponds to 3 in 1A
Upper storey, same composition, mostly massive with faint planar
laminations
Topped with vegetation and cobbles

0.2 locally
0.4
adjacent
2.2

TWA-2
Scours: top of TWA section (highest trench sandbody, Lalor)
GPS Coordinates:
N44.13783
W108.18037
Elev: 4436 ft
Detrital zircon sample taken
Thin section sample taken
Unit

Description

0
1

Mostly covered with sand
Basal contact covered
fU to mU sand
2% feld 4-5% lithic
Subrounded
Discordantly stacked laminations
vfL to vfU sand
come silt
buried lower contact
mU to mL sand subrounded
contains subhorizontal laminations
dunes abpprox 5cm on incline
associated with point bar
dipping N
<1cm carbonate nodule clasts
Lower contact sharp
mU-fU
Horizontal laminations
Same with changing directions for dip
Carbonate nodules present at top of unit

2
3

4

5

Lower contact sharp

Thickness
(meters)
NA
2.3

0.25
0.45

0.3

0.9
108

Carbonate nodules present at base, decreasing abundance up section
mU-mL sand
subhorizontal laminations stacked in varying dipping directions
rollover for pointbar
gentle normal grading
TWA-5
- further north along ESF at The Wall
- above ETM2/H2
GPS
N44.15359
W103.18253
- 1-2 stories
- Isolated in stratigraphy
- Strat dominated by overbank
Sandbody (first storey) thickness: 2.0 m
Sandbody (2nd storey) thickness: 4.2 m
Thin section sample taken
Paleocurrent Data:
TWA-1
256º SSTX
275º SSTX
325º LSPX
TWA-2
261º LSTX
319º SSTX
356º SSTX
036º SSTX
079º SSTX
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Stratigraphic section descriptions from northern Bighorn Basin
WW- EX1
GPS
N44.48053 º
W108.76206
Elev: 5066 ft
*exhumed channel
Unit
Description
0
1

2

Red bed grey siltstone
Muddy at base
fU-mL
subrounded
moderately well sorted
very few lithics
sharp lower contact
bottom 13cm- 9cm red coloring
small lenses of silty clay
faint crossbedding at base- 12cm
21 cm seet, 25cm LSTX
Soft sed deformation at 1.4m from base
Blueberries in SSD
Sharp undulating lower contact
fL-fU sand
subangular
lenses of unit 1 at base- 12cm wide
lenses of very fine sand varying in size 13-22cm
sewt of SSTX near top 10cm

WW-EX2
Unit
Description
0
1

2

3

Greenish grey clayey silstone
mL-fU sand
red at bottom 12cm thick
sharp lower contact
SSTX-6cm at base of unit
Lenses of very fine sand 3cm thick
Green grey silt
Finely laminated
Vertical burrowing present- filled from sand freom above
Sharp lower contact
Sharp lower contact- scour surface
Sub horizontal traces- straight and rare u shaped
Circular vertical burrows
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Thickness
(meters)
NA
1.9

1.0

Thickness
(meters)
NA
1.0

0.04

1.80

WW-GS1
GPS
N44.47260º
W108.82646º
Elev: 5250 ft
Unit

Description

0
1

covered
Sandstone
Basal contact covered
Inclined laminations
fL-fU
subangular
SSD extensive
Orange in outcrop
Very fine sand
Gradational lower contact
Covered
Likely sandstone
Very coarse sandstone with gravel clasts throughout
Massive
cL to cU with some medium
Sandstone LSTX 15 cm, 35 cm
cL to vcL
Sandstone
Massive
mU to very coarse to pebbles
Sandstone
Mostly covered
mL to mU
LSTX 25cm
Sandstone
fU to mU
LSTX poor
Inclined laminations

2

3
4
5
6

7

8

WW-MP1
GPS
N44.58689º
W108.8609º
Thin section sample taken
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Thickness
(meters)
NA
2.45

1.3

2.85
.25
1.28
0.10

1.10

2.78

Unit

Description

0

Very fine sand
Basal contact buried
Sub rounded
Moderately sorted
Weathered fragments
massive
mL to mU sand
subrounded
LSTX
Faint laminations
Gradual basal contact
Subhorizontal laminations
Uniformly dipping- possible toe of point bar
Slight SSD near top
fU to mL subrounded
sharp lower contact
very fine sand covering top portion

1

2

WW-MP2
N44.85842º
W108.86419
Unit
Description
1

2

3

Buried/ inaccessible lower contact
mL to cL sand
mostly massive at visible base
LSTX and SSTX make up the rest of the unit
Subrounded
Possible climbing ripples 7cm
Gradual lower contact
Subhorizontal planar laminations
SSD
Gradual lower contact
cU to fU
poorly sorted
Lower contact sharp
Heavy SSD
mL to mU

WW-MP3
N44.58652 º
W108.8649
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Thickness
(meters)
~0.6

0.60

1.1

Thickness
(meters)
4.3minimum
thickness

0.6

1.0

Unit

Description

0
1

covered
fU to mL
multiple sets of LSTX SSTX LSPX SSPX
buried lower contact
lithics on some foresets
adjacent to strat sections
horizontal planar laminations
Lower contact sharp
fL to mL
subhorizontal laminations
abundant climbing ripples adjacent to section (6cm)
LSTX 15cm
Ripple on point bar

2

WW-MP4
N44.58759
W108.86359
Unit
Description
0
1

Silty sand
fU to mL
SSD dominated
Inclined laminations
Sharp lower contact
Interval of vegetation
Next unit is crumbled with no in situ outcroppings

Thickness
(meters)
NA
1.6

1.1

Thickness
(meters)
NA
2.1

GS-MCPS-01
GPS Coordinates
N44.50259 º
W108.86989 º
Elev: 5416 ft
Thin section sample taken
Unit

Description

0
1

Covered interval
Sandstone
mL to mU subrounded
SSTX and LSTX 12 and 25 cm
Upper half is massive with gradational contact
mL>fU near top
113

Thickness
(meters)
NA
2.8

2

3

4

5

6

7

fining upwards
Sandstone
Sharp basal contact
Fine laminations slightly inclined and horizontal laminations
fU to mL
subrounded
lower toe of bar clinoform
weathering yellow
Sandstone
fU to mL
laminated inclined slightly
toe of bar (at different angle than those below)
weathers dark brown
Sandstone
mL to mU
partially covered by rubble, relatively poorly exposed
horizontal laminations
SSPX 10 cm
Likely portion of bar
Weathers to yellow in outcrop
Sandstone
mL to mU
subrounded
SSTX 10cm
Weathers brown
Upper half has SSD
Sandstone
fU to. mL
mostly flat thick laminations with some undulation/ scooped surface
partially covered
undulations cause various dips in surface
base is gradational

1.4

0.4

1.95

2.45

0.85

covered

GS-MCPS-2
GPS Coordinates
N44.50688 º
W108.86808
Thin section sample taken
Unit

Description

0

Grey mudrock
Partially vegetated

Thickness
(meters)
NA
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1

2

3

Sandstone fL to fU
Sharp lower contact
Faint flat laminations
Rusty brown in outcrop
Sandstone
fL to fU
gradational lower contact
upper half is partially vegetated and covered
slightly inclined laminations with LSTX at base (weak)
weak SSTX near top
siltstone ripups near center of unit
Sandstone
fL to mL
sharp basal contact
thin to thickly laminated mm to cm scale
rare TXB near base
weathers to rusty orange
top 75% of unit is vegetated
severe SSD near top

0.45

5.25

4.55

GS-MCPS-3
GPS Coordinates
N44.51147 º
W108.72105 º
Elev: 5158 ft
Unit

Description

0
1

Green grey siltstone
Sandstone
mL to mU at base
fL to vfU in middle and top
sharp erosional lower contact
slightly inclined laminations
compressed wood fragments 2-3 cm wide and 5-10 cm long
Sandstone
fU to mL
sharp lower contact
finely laminated at base
upper portion is inclined beds with weak rippling, cross laminations
Sandstone
fL to mL
LSTX at base 30cm thickness
Sandstone
fL to fU
subhorizontal / fine laminations

2

3
4
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Thickness
(meters)
NA
1.15

0.8

0.4
1.0

5

sharp lower contact
base of this is a storey base
Sandstone fL to fU
Finely laminated with SSD
Gradational lower contact

2.0
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Figure A. Stratigraphic sections of sandbodies ESF SB1A, B, C from during the ETM2. Sections
taken in Fifteenmile Creek Field Area
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Figure B. Stratigraphic sections of sandbodies ESF SB2A, 3A, from before ETM2. Sections
taken in Fifteenmile Creek Field Area
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Figure C. Stratigraphic sections of sandbodies ESF SB4A, B, C, D, E from after ETM2.
Sections taken in Fifteenmile Creek Field Area.
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Figure D. Stratigraphic sections of sandbodies ESF SB5A, 6A, B from after ETM2. Sections
taken in Fifteenmile Creek Field Area.
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Figure E. Stratigraphic sections of sandbodies ESF SB7A, B from during ETM2. Sections taken
in Fifteenmile Creek Field Area.
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Figure F. Stratigraphic sections of sandbodies ESF SB8A, B, C, D from during ETM2. Sections
taken in Fifteenmile Creek Field Area.
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Figure G. Stratigraphic sections of sandbodies ESF SB9A, B from before ETM2. Stratigraphic
section of sandbodies ESF SB10A, B, C are from during ETM2. Sections taken in Fifteenmile
Creek Field Area.
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Figure H. Stratigraphic sections of sandbodies ESF SB11A, B, and SB12A from before ETM2.
Sections taken in Fifteenmile Creek Field Area.

124

Figure I Stratigraphic sections of sandbodies FU-001, WW-3, WW-4, ESCD-001, SCD-001
from before ETM2. Sections taken in Sand Creek Divide Field Area.
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Figure J. Stratigraphic sections of sandbodies GS-MCPS-01, GS-MCPS-02, GS-MCPS-03 from
before ETM2. Sections taken in McCullough Peaks Field Area.
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Figure K. Stratigraphic sections of sandbodies MCPS-27 and WW-GS1 from during the ETM2.
Sections taken in McCullough Peaks Field Area.
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Figure L. Stratigraphic sections of sandbodies WW-MP1, WW-MP3, TWA-1A, TWA-2A,
WW-MP2, MCPS-27 from after the ETM2. Sections taken in McCullough Peaks Field Area.
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Stratigraphic
Section
ESF SB1A
ESF SB1B
ESF SB1C
ESF SB2A
ESF SB3A
ESF SB4A
ESF SB4B
ESF SB4C
ESF SB4D
ESF SB4E
ESF SB5A
ESF SB6A
ESF SB6B
ESF SB7A
ESF SB7B
ESF SB8A
ESF SB8B
ESF SB8C
ESF SB8D
ESF SB9A
ESF SB9B
ESF SB10A
ESF SB10B
ESF SB10C
ESF SB11A
ESF SB11B
ESF SB12A
FU-001
WW-3
WW-4
ESCD-001
SCD-001
Unnamed
Sections

Full Stratigraphic
Height (meters)
4.1
4.09
4.85
3.8
3.5
1.75
1.75
1.43
1.5
1.85
3.15
2.65
3.9
1.6
1.45
2.08
2.55
3.3
2.07
1.47
0.87
1.5
1.15
1.61
5.75
5.79
2.75
3.13
3.58
3.67
5.91
4.64
10.5
4.5
2.6
Table 1 Complete stratigraphic height from before, during, and after ETM2 in Fifteenmile Creek
and Sand Creek Divide field sites in the southern Bighorn Basin.
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Stratigraphic Total
Total Planar Total
Total Soft
Total
Total
Section
Inclined
Crossbeddi- Trough
Sediment
Carbonate
Other
Planar
ng (m)
Crossbeddi- Deformati- Conglomer- (m)
Bedding/
ng (m)
on (m)
ate (m)
Laminations (m)
ESF SB1A
2.35
0
0.26
0.7
0
1.49
ESF SB1B
3.45
0
0
0
0
0.64
ESF SB1C
2.65
0.4
0
0
0
1.8
ESF SB2A
2.95
0
0.85
0.85
0
0
ESF SB3A
1.8
0.2
0
1.3
0
1.5
ESF SB4A
0
0.3
0.35
0
0
1.1
ESF SB4B
1.75
0
0
0
0
0
ESF SB4C
1.35
0.08
0
0
0
0
ESF SB4D
1.5
0
0
1.1
0
0
ESF SB4E
1.85
0
0
0
0
0
ESF SB5A
0.4
0.12
0
0.4
1.6
1.03
ESF SB6A
0
0.25
0
0
0
2.4
ESF SB6B
2.3
0
0
0
0
1.6
ESF SB7A
1.25
0
0
0
0.35
0
ESF SB7B
0.65
0
0
0
0.7
0.1
ESF SB8A
1.2
0.13
0
0
0.5
0.25
ESF SB8B
0.6
0
0
0
0.4
1.55
ESF SB8C
0.6
0
0
1.5
0
2.7
ESF SB8D
0
0
0.11
1.4
0
1.96
ESF SB9A
0.9
0.07
0
0
0
0.5
ESF SB9B
0.12
0
0
0
0
0.75
ESF SB10A
1.5
0
0
0
0
0
ESF SB10B
1.15
0
0
0
0
0
ESF SB10C
1.35
0.21
0
0
0
0.05
ESF SB11A
5.5
0
0
4.55
0
0.25
ESF SB11B
0
0.3
0.45
4.12
0
5.04
ESF SB12A
2.65
0
0.1
1.2
0
0
Table 2 Abundance of sedimentological structure calculated by adding measurements of
structures within sandbodies from before, during and after the ETM2/H2 in Fifteenmile Creek
and Sand Creek Divide field sites in the southern Bighorn Basin
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Time
Interval
Relative to
ETM2/H2

Average
Average
Average
Average
Average
Average
Abundance Abundance Abundance Abundan- Abundance Abundance
of Inclined
of Planar
of Trough ce of Soft
of
of Other
Planar Crossbeddi- CrossbeddiSediment
Carbonate
(m)
Bedding/
ng (m)
ng (m) Deformati- ConglomerLaminatioon (m)
ate (m)
ns (m)
Before
1.83
0.07
0.11
1.97
0.00
1.31
During
1.43
0.07
0.03
0.38
0.15
0.93
After
1.34
0.08
0.13
0.26
0.18
0.68
Table 3. Average abundance of sedimentological structures in sandbodies from before, during,
and after the ETM2 in Fifteenmile Creek and Sand Creek Divide field sites in the southern
Bighorn Basin.
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Stratigraphic
Full Stratigraphic
Section.
Height (meters)
WW-EX1
2.9
WW-EX2
4.64
GS-MCPS-01
9.85
GS-MCPS-02
10.25
GS-MCPS-03
5.35
MCPS-15
8.21
WW-GS1
6.53
WW-MP1
2.3
WW-MP2
5.9
WW-MP3
2.7
WW-MP4
2.1
MCPS-27
4.5
Table 4. Complete stratigraphic height from before, during, and after ETM2 in the McCullough
Peaks field area in the northern Bighorn Basin.
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Stratigraphic
Section

Total Total Planar
Total
Total Soft
Total Total
Inclined CrossbeddiTrough
Sediment
Carbonate Other
Planar
ng (m) Crossbeddi- Deformati- Conglomer(m)
Bedding/
ng (m)
on (m)
ate (m)
Laminations (m)
WW-EX1
0
0
0.68
1.4
0
0.82
WW-EX2
0
0
0.285
0
0 4.355
GS-MCPS-01
3.75
0.1
0.47
1.25
0
4.28
GS-MCPS-02
1
0.5
0.25
1
0
7.5
GS-MCPS-03
1.65
0
0.3
2
0
1.4
MCPS-15
1.82
0
0.36
0
0
6.03
WW-GS1
0.48
0
1.35
0.1
0
4.6
WW-MP1
1.1
0
0
0
0
1.2
WW-MP2
0.6
0
4.3
1
0
0
WW-MP3
1.1
0
1.6
0
0
0
WW-MP4
2.1
0
0
0
0
0
MCPS-27
2.5
0
0.75
0.4
0
0.85
Table 5. Abundance of sedimentological structure calculated by adding measurements of
structures within a sandbodies from before, during and after the ETM2 in the McCullough Peaks
field area in the northern Bighorn Basin.
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Time
Interval
Relative to
ETM2/H2

Average
Average
Average
Average
Average
Average
Abundance Abundance Abundance Abundan- Abundance Abundance
of Inclined
of Planar
of Trough ce of Soft
of
of Other
Planar Crossbeddi- CrossbeddiSediment
Carbonate
(m)
Bedding/
ng (m)
ng (m) Deformati- ConglomerLaminatioon (m)
ate (m)
ns (m)
Before
1.28
0.12
0.397
1.13
0
3.671
During
1.15
0
0.855
0.05
0
5.315
After
1.48
0
1.33
0.28
0
0.41
Total
1.34167
0.05
0.8621
0.596
0
2.5863
Table 6. Average abundance of sedimentological structures in sandbodies from before, during,
and after the ETM2 in Fifteenmile Creek and Sand Creek Divide field sites in the McCullough
Peaks field area in the northern Bighorn Basin.
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Before
ETM2/H2
(meters)
8.5
7.2
10
7.8
6.2
17
2.9
12.1
9.85
10.25
5.35

During
ETM2/H2
(meters)
4.8
8
12
7.1
7
8.21
6.53

After
ETM2/H2
(meters)
7.5
7.5
10.3
9.2
5
8.4
7.7
6.6
5.3
5.6
9.1
8.2
8.1
9.6
6.2
4
8.3
9
7.4
6.7
8
6
6
7.4
10.8
21.8
7.6
8.4
4.2
8.2
8.1
4.4
10.1
11
13
4.7
6.9
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20.1
6.3
15.8
5.8
6.7
8
6
5.9
2.3
4.5
Table 7. Supplementary sandbody thicknesses from McCullough Peaks field area in the northern
Bighorn Basin. Measurements taken with the Laser Range Finder.
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